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ABSTRACT

Results are presented from a theoretical and experimental
investigation of ducting and ducting components used in space vehicle
feed systems. A definition of a bellow flow excitation mechanism is
presented, a simple method for predicting failure or fatigue charac-
teristics of a bellow is developed, the effects of internal cryogenic
flow are predicted, and a computer program is presented to allow
quick computation of bellows mode frequencies, lock in ranges, and
stress indicator values. In addition, feed systems acoustic resonance
effects, bellows liner designs, bellows pressure loss characteristics,
elbow pressure loss characteristics and external damping devices are
discussed.
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I. INTRODUCTION

This report describes all work which has been performed by the
Southwest Research Institute under Contract NAS8-21133, '"'Study of
Minimum Pressure Loss in High Velocity Duct Systems''. This study
was performed for the George C. Marshall Space Flight Center of the
National Aeronautics and Space Administration and administered
technically by the Astronautics Laboratory with Mr. R. H. Veitch serving
as Technical Manager and Mr. H. Bandgren as Alternate Technical Manager.

The general objective of this study was to perform a theoretical
and experimental investigation of ducting and ducting components to
minimize pressure drop, surge pressures and vibration levels and, thus,
to generally improve flow conditions of gases and liquids in space vehicle
feed systems. Because of NASA needs, much emphasis was placed on
the study of bellows flow-induced vibrations.

Summeary of Results

A number of significant findings have been made throughout this
study and are discussed in detail in this report; these are summarized
below:

(a) Definition of Bellow Flow Excitation Mechanism - The
fluid-elastic mechanism causing bellows flow excita-
tion (vortex shedding) has been observed and described.
Analytical models have been developed to allow a designer
to predict when flow excitation may occur, and to estimate
the severity of the bellows vibrations.

(b) Fatigue Prediction - A simple method of predicting the
failure or fatigue characteristics of a bellows has been
developed and verified experimentally for a broad
range of bellows sizes.

(c) Bellows with Cryogenic Flow - The differences in flow
excitation for bellows with internal cryogenic flow,
as compared with non-cryogenic fluid flows, has been
studied and the effects defined.

(d) Computer Program - A computer program has been
developed to allow quick computation of bellows mode
frequencies, lock-in ranges and Stress Indicator values.




(e) Acoustic Resonance - The occurence of an acoustic
resonance for internal gas flows has been quantified
and may be predicted by the method defined herein.
The computer program also calculates the acoustic
resonance condition.

() Bellows Liner Design - A limited amount of information
is presented to aid in the design of a conventional
bellows liner which suppresses flow-induced vibrations.

(g) Bellows Pressure lLoss - All available data has been
compiled which gives bellows pressure loss for various
convolution geometries, various sizes, and various flow
media. Existing bellows pressure loss correlation
methods have been reviewed, and while none are com-
pletely adequate, one is recommended for future use.

(h) Elbow Pressure Loss - A new elbow design has been
discovered which results in a significant reduction in
pressure loss, as confirmed by tests.

(1) External Damping Devices - Various bellows external
damping devices have been tried as a means of suppressing
bellows flow-induced vibrations. The results of these
tests are presented to guide the designer in achieving
vibration suppression by this means.




II. INTRODUCTION TO BELLOWS FLOW-INDUCED VIBRATIONS
AND DESIGN PROCEDURE

II.1 Introduction

The occurrence of flow-induced vibrations of metal bellows contained
in fluid ducting systems has, for some time, been a problem in industry and
in particular, for aerospace applications. There are known instances where
flow-induced vibrations of bellows have resulted in fatigue failures which
forced the premature shutdown of some critical fluid systems. The most
common methods for correcting unsuccessful bellows installations have
been either to install a liner inside the component, where possible, or to
use multiple plys or thicknesses of metal when constructing the bellows.
Unfortunately, increasing the number of metal plys has not always cured
the flow-induced vibration problem, and the use of a bellow's liner generally
leads to an increase in component weight and cost. A major obstacle in the
past has been that the flow mechanism which causes bellows vibration has
not been described or understood so that flow induced failures could be
anticipated. From the standpoint of the designer, a desirable goal is to
have available an analytical procedure which allows a prediction of critical
fluid flow ranges for a given bellows configuration and, further, which gives
a method for estimating stress levels resulting from the flow excitation in
these critical ranges.

This section of the report gives an overall summary of the bellows
flow-induced vibration problem and a short description of the design or
stress calculation procedure. Further details of the bellows flow-induced
vibration problem are given in subsequent sections of this report.

I1. 2 Bellows Flow Excitation Mechanism

Typical Bellows Excitation Example and
Flow Visualization Results

The phenomena of flow excitation of an actual bellows is illustrated
by the ''classic' results shown in Figure 1. These results are typical of
those obtained from the large number of bellows tests conducted over the
period of this investigation. Each test bellows was instrumented to allow
flow-induced strain to be monitored. For each test bellows it was gen-
erally found that as the fluid velocity was slowly increased, starting from
zero flow, successive longitudinal accordian vibration modes were excited.
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Figure 1 shows typical strain data and Figure 2 illustrates the longitudinal
vibration modes observed. As may be seen, each vibration mode was
excited over some fluid velocity range with the peak excitation occurring
near the center of this range.

Analysis of preliminary test results obtained from this program
led to the conclusion that vortex shedding from the convolution tips was
the source of fluid excitation. Calculation of a Strouhal number

S = (1)

based on the convolution width 0 (see Figure 3) was carried out; here f
is the bellows frequency and V the mean fluid velocity. The results,
shown typically by Figure 3, revealed that the value of S generally
varied over a range from about 0.1 to 0,25 with a value at peak flow-
induced response of about 0. 18, very much like the vortex shedding
excitation of an elastically restrained cylinder.

Stimulated by these original flow-induced vibration results, a flow
visualization experiment was set up to verify the vortex shedding hypothesis,.
Based on the results of the flow visualization experiments, there is un-
disputable evidence that excitation of bellows longitudinal modes is a result
of a dynamic coupling between the bellows structure and a fluid vortex
generation and shedding process. In every sense, the phenomena is
a fluid-elastic instability (References 1-5), since a mutual interaction
or coupling occurs between the dynamics of the bellows (the elastic system)
and the nonsteady flow near and between the convolutions (the dynamic
fluid system). Many factors have an influence on this coupling phenomena,
including the convolution geometry, the flow conditions, and possible local
cavitation or acoustic resonances.

For flow through a convoluted section of bellows, with the convolutions
fixed to prevent vibration, a steady turbulent flow exists throughout the
bellows, as illustrated in Figure 4. This is a physical picture formulated
from our own flow visualization experiments, and from the information
reported by Haugen and Dhanak (6), and Townes and Sabersky (7). Each
convolution, in general, experiences an internal eddying flow because of
momentum transfer from the free stream. Energy is transferred into
each convolution in a mixing zone or shear layer. The number and size
of the steady vortices which exist in the convolutions are a function of the
convolution geometry. Very shallow convolutions may contain only one
vortex, while two or more may exist in deep convolutions.

The physical picture described above is valid only with no convol-
ution motion or vibration. When the bellows is flow excited, the physical
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A mass (m) is assigned each convolution crown
and root;the number of masses is 2N¢-1.
The value of m is mp + mg where
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The number of springs is 2N¢ and
k = ZNC kA

where k p is the overall bellows spring rate.

Figure 3. Convolution Nomenclature and Mechanical Vibration Model
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picture of internal flow described above is no longer valid, in general.
For this case, a large-scale periodic vortex formation and shedding
process occurs which has been visualized with an apparatus shown in
Figure 5. The apparatus consists of a two-dimensional clear plastic
channel containing a short section of convoluted metal which is placed

so that the convolution tips are exposed to the fluid flow, as in an actual
bellows. When water is passed through the channel at the proper velocity,
the segment is flow excited; this vibration may be viewed with the aid

of a strobe light. By injecting ink upstream from the convoluted segment
the vortex shedding process is easily visualized.

Both still and moving pictures of the vortex shedding have been
made; Figure 6 shows several of the still pictures which were taken
at random times. The presence of a vortex pattern is evident in each
picture. The movie, of course, shows the interaction of the fluid motion
and the segment much more clearly than do the still pictures.

Figure 7 shows the sequence of fluid and convolution events which
have been observed in a frame-by-frame examination of the motion picture.
Note, first of all, that the mode of vibration of the segment is one where
each convolution moves out-of-phase with the adjacent convolution(s).

This corresponds to the highest longitudinal bellows mode. The vortex
shedding process on the vibrating segment, as shown by Figure 7,

occurs as follows: In Position 1, a large vortex (c) has formed between

the convolutions 1 and 2, and is being ''pushed' out into the fluid stream by
the pinching action of these two convolutions. A large, well-formed

vortex (a) is moving across the tip convolution 3; the origin of this vortex
will be made clear in the description of other events. Finally, a small
vortex (b) is beginning to form on the downstream side of convolution 2.

In Position II, vortex (c) has been pinched from between convolutions 1

and 2, and has now moved out into the fluid stream, and will soon ""detach'
from convolution 1 to be swept downstream. Vortex (b), which is forming
on the downstream side of convolution 2, is gaining in strength. Vortex (a),
which in Position I was beginning to move over the tip of convolution 3,

is now further downstream. In Position III, the space between convolutions
1 and 2 is opening up, hence fluid is being drawn in, and vortex (d) is
beginning to form on the downstream side of convolution 1. Vortex (c)

has been swept over the top of convolution 2, with the timing being about
right to reinforce vortex (b), which is being pinched from between
convolutions 2 and 3; the combined vortex is labeled (b + ¢). In Position IV,
vortex (d) has gained in strength as it forms on the downstream side of
convolution 1. Vortex (b * ¢) is being pinched out from between convolutions
2 and 3, and will begin to propagate downstream. Finally, Position V is
the same as Position I, so the cycle is complete. Note that vortex (a)

in Position I was a combination of two vortices, as is vortex (b + ¢) in
Position V.
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Figure 7. Sequence Of Coupled Fluid - Convolution Events Observed
With Two-Dimensional Bellows Flow Visualization Model
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It must be emphasized that the series of fluid events described in
the foregoing are probably not exactly descriptive of all bellows modes
excited. The main difference likely seen from a comparison with other
situations, would be that the phasing of vortices propagating downstream
would not always be correct, with respect to a vortex forming at a point
downstream, to give a reinforcement condition, as shown in the above
discussion. We have some experimental evidence suggesting that there
might be optimum convolution geometries, for a given mode of vibration,
which yield relative peak excitation amplitudes. This might be caused
by a vortex reinforcement phenomena.

It has been shown in the foregoing that two different fluid flow
regimes exist; one occurs when the convolutions are constrained and,
consequently, no organized large scale vortex shedding is observed,
only a steady-state turbulent situation. The other flow regime occurs
when the convolutions are vibrating as a result of flow excitation; here
a large scale vortex formation and shedding process does exist. Therefore
the bellows flow excitation can be described as a mutual or coupled
instability between the bellows structure and the fluid vortex she dding
process. One cannot exist without the other.

The primary condition which must be satisfied for this coupling
to occur is that the bellows structural frequency and the ideal vortex
shedding frequency be equal, or about equal within certain limits. This
limit of vortex-structure coupling can be called a "lock-in" range, and
it can exist over a rather broad velocity range.

I1.3 Prediction of Flow-Excitation Lock-In Range

The purpose of this section is to discuss how the occurrence of
the vortex shedding and bellows structure coupling can be predicted.
Basically, this involves calculating the ideal vortex shedding frequency
and the bellows vibration mode frequencies, and then comparing the two.
Also, some allowance must be made for the fact that a ""lock-in'' range
exists.

Vortex Shedding Frequency

For a given bellows, having some particular convolution geometry
and structural mode frequencies, there are certain optimum fluid velocities
which result in a maximum amplitude bellows excitation of each mode (see
again Figure 1). It is at these velocities that the vortex shedding process
is best able to feed energy from the fluid stream into the vibration process.
In other words, the vibration frequency and fluid velocity conditions are
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"optimum'' from a vortex shedding standpoint. It has been found that
the use of a Strouhal number is an excellent means of correlating the
vibration frequency, fluid velocity and geometry under these optimum
conditions, as is true for any vibration phenomena involving vortex
shedding.

In general terms, a Strouhal number is a dimensionless quality
of the form

S=f4 /V (1)

where f is a frequency, £ is a length quantity, and V a fluid velocity.
For the case of bellows flow-induced vibrations, the only problem in
using this correlation parameter is in selecting a satisfactory length
quantity. Referring back to the discussion of the vortex formation and
shedding process illustrated in Figures 6 and 7, it would seem that two
length quantities may be primarily involved; these are the convolution
pitch and the convolution tip width 0. While neither of these quantities
has been found entirely satisfactory, that is neither gives a precisely
constant value of S for all conditions, we have chosen to use 0 in
making Strouhal number calculations.

Based on a composite of all test data, a single curve of Strouhal
number (based on tip width 0) as a function of the ratio of pitch to tip
width (A /0) has been prepared and is valid for a general case. This
curve is shown in Figure 8; also shown are dotted curves defining the
limits of the lock-in range. Using this data, it is possible to calculate
the fluid velocity V at which a given bellows longitudinal vibration mode
(defined by a frequency value) will most likely be excited and, also,
to estimate the total lock-in range of a given mode. To make this
calculation it is necessary to know three quantities; namely, the pitch },
the convolution tip width ¢ and the mode frequency f,- The value of
this critical velocity is, then

f o
m

S
o

VvV =

where S0 is obtained from Figure 8.

Bellows Structural Frequencies

In order to calculate the fluid velocity range(s) over which bellows
excitation will occur by the procedure described in the foregoing section,
it is necessary to know the frequencies of all bellows modes which may be
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flow excited. Therefore, some method must be used to calculate these
frequencies. A method, based on an analogous mechanical model, has
been developed and will be discussed below. Because the structural
bellows modes cannot be considered independent of fluid loading, this
influence is discussed also.

It has been determined from experiments that three different
kinds of structural modes can be flow excited, these are; axisymmetric
longitudinal or accordian modes, longitudinal antisymmetric or cocking
modes, and local convolution bending modes. These different kinds
of bellows modes are illustrated in Figure 9. The longitudinal modes
(both symmetric and antisymmetric) involve vibrations where there is
longitudinal motion of the roots and/or crowns of the convolutions. The
higher order local bending modes will involve no longitudinal motion
of roots and crowns, only local flexural distortion of the convolutions.

During the course of this study, the mechanical model shown in
Figure 3 has been found to yield adequate predictions of the longitudinal
symmetric mode frequencies of a free bellows, if the overall spring
rate is accurately known. The model consists of (ZNC- 1) elemental
masses m and 2N, elemental springs k connected alternately in
series, giving an N = 2N -1 degree-of-freedom system; N_ is the num-
ber of bellows convolutions. Each elemental mass represents one-half
of the mass of metal contained in each bellows convolution plus some fluid
added mass, and k represents the spring rate of one-half of a convolution.
A tabulation of dimensionless frequencies obtained for this model up to
25 degrees of freedom is shown in Table I; the normalizing frequency is

1/2
1
f = —— ...15_
o 21 m
For use in the mechanical model, the values of the elemental
spring rate k and the elemental metal mass m_, may be estimated by

the following procedure. The value of k is defined in terms of the
overall bellows spring rate K, as

k""ZNCKA

where K, is known either from a spring rate test or from some analytical
calculation. The value of the elemental metal mass m is equal to
one-half of the mass of one complete convolution and may be satisfactorily
approximated by the expression

m =mup t N D [ﬂa +(h-2aﬂ
m m P m
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where (see Figure 3)

Mm = mass density of bellows metal

t = thickness per ply of metal

Np = number of bellows plys

Dm = mean diameter of bellows convolution, Dm =

(Di + Do)/Z.
a = mean radius of convolution
h = convolute height

The frequencies obtained using the information given above are
for the symmetric longitudinal modes only. An analysis has been made
to determine the cocking mode frequencies and the results show that these
new modes are always within the frequency limits of the symmetric
longitudinal modes. Therefore, a calculation of the range of symmetric
longitudinal modes can be considered to include any cocking modes
which may occur. Cocking modes have been observed only for bellows
with quite deep convolutions, and will probably not occur in most instances.

The higher order local bending mode shown in Figure 10 may be
modeled with the mechanical analog shown in the same figure.

Fluid Loading Effects

The previous discussion concerning calculation of structural
bellows mode frequencies made no mention of possible fluid loading
effects. The presence of the fluid can, however, cause some changes
in the structural frequencies and even add more degrees of freedom to
the system (increase the number of possible modes).

When a bellows is being excited by a flowing fluid, two basic
classes of forces are present; namely, active forces which are vortex
shedding derived, and passive fluid forces which are present regardless
of the excitation source. For the idealized case of an incompressible
fluid, only two types of passive fluid forces are possible and these give
rise to an added-mass and damping influence; they result because the
fluid must be moved in and out from between the convolutions and, to
some extent, back and forth longitudinally as the bellows vibrates. If
only added-mass and damping effects are introduced, the number of
degrees of freedom of the bellows (that is, the number of possible vibra-
tion modes) does not necessarily change. One exception to this are in-phase
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Approximate Mechanical Model Of First Local Bending Mode

Figure 10. Only Observed Higher Order Mode

2397



21

and out-of-phase flex hose modes to be discussed later.

For a compressible fluid, the complexity of the situation is greatly
increased, because the bellows' vibrations may couple with various system
acoustic modes. Generally, this increases the number of degrees of
freedom, or the number of possible vibration modes of the bellows. For
the present, only incompressible fluid loading effects will be considered
in regard to coupled bellows-fluid mode frequency calculations. Further,
because the fluid damping is small enough to give a very small change
in the system resonant frequencies, it will be disregarded in all frequency
calculations. Later, however, damping will be shown to be of great
importance in calculating bellows flow-induced stress levels,

For the first few modes of a free bellows (more precisely, where
the mode number N is small with respect to the number of convolutions
Nc)’ it has been determined by comparing calculated with observed
frequencies that the fluid added mass is adequately represented by setting
it equal to the total amount of fluid trapped between adjacent convolutions;
see Figure 3. Physically this makes sense since the first few modes
involve a gross back-and-forth motion of adjacent convolutions with the
trapped fluid carried along with the convolutions. This means, then,
that each elemental mass of the mechanical model must include one-half
of the mass of fluid trapped between two adjacent convolutions, or approxi-
mately

= 1 -
m > Pe Drn h (2a th)

with, now, the elemental model mass becoming

m=mf+m

where the value of m_ is the metal mass discussed previously. In
the above expressions, o is the fluid mass density; other symbols

were defined previously.

For the higher modes of a free bellows, it is not adequate to
consider the fluid added mass as being simply that amount of fluid tra pped
between convolutions. The fluid behavior for the higher modes is rather
more of a ''squeezing in-and-out'' type of motion. This acceleration of
the fluid out of and back into the convolutions results in alternating pressure
forces which may be interpreted as an added~mass effect with respect
to the bellows vibrations. This added mass is analytically estimated to

be ™  0,h3
m f

my = —s——
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where 0 is the gap width between adjacent convolutions as shown in
Figure 2.

Flex Hose Modes

The difference between the convolution vibrations of a flexible
hose and a free bellows is that the allowed modes are limited by the wire
braid covering. In most cases this covering clamps tightly around the
bellows when the hose is pressurized, preventing longitudinal motion of
the convolution crowns. Except for special instances where not all con-
volutions crowns are in contact with the wire braid, it is believed that
the only purely structural longitudinal mode which can exist is the one
shown in Figure 11(a). Because of fluid added-mass effects, however,
two coupled fluid-structural longitudinal modes appear possible, and
these are shown in Figure 11(b) and (c). Note that both of the coupled
fluid structural modes are possible for the single allowed structural mode.

The primary difference between the two coupled fluid-structural
modes shown in (b) and (c) of Figure 11 is the fluid mass loading involved.
For the case in Figure 1ll(b), the in-phase mode, the fluid-added mass
corresponds to a portion of fluid contained between adjacent convolutions.
This quantity of mass accounts for the fact that fluid is accelerated back
and forth with the convolutions as they vibrate in the in-phase mode. For
the out-of-phase mode, the fluid added mass does not correspond to
some real quantity of fluid, but is an apparent mass which results from
the fluid being accelerated in and out from between the convolutions as
discussed in the foregoing for the free bellows.

Estimating Flow Excitation Range

The foregoing discussions have described how the conditions for
bellows excitation can be correlated with a Strouhal number, and, further,
how the modal frequencies of a bellows can be calculated. The purpose
of this section is to summarize how this information can be used to predict
possible bellows flow-excitation ranges.

As we have seen, a given bellows will have a number of structural
modes which may be flow excited. These modes may be defined in terms
of a number of modal frequencies denoted by

fml’ fno fm3"' fmn
Here f denotes the first or lowest modal frequency and f_ , denotes

the higlggst. For the case of a free bellows, f_ ] will represent the

first longitudinal mode and f_  will denote the convolute bulging mode;
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the total number of modes will depend on the number of convolutions. For
a flex hose, there are, so far as we presently known, only three possible
modes; these are the in-phase and out-of-phase longitudinal modes shown
in Figure 11, and the convolution bulging mode shown in Figure 9.

Each of the bellows modes may experience flow excitation over a
fluid velocity range defined by

fmo
Vv = 3
cu
- fmc
V.u S
ag

and the optimum or most severe excitation will occur at a velocity equal to
f o
m

So

Vv =

In the above equations, we have

fm = a bellows mode frequency

SOu = upper limit Strouhal number

SG = lower limit Strouhal number

SG = optimum Strouhal number

A% = velocity at lower limit of lock-in range
Vu = velocity at upper limit of lock-in range
o = convolution tip width

Because of the lock-in range phenomena, and the closeness of successive

bellows modes, it is best to assume that flow excitation can occur con-

tinuously over a velocity range from the minimum velocity for the lowest

mode to the maximum velocity for the highest mode. Therefore, if fml

and f are the lowest and the highest mode frequencies, the extreme
possible limit of flow excitation is defined by the limiting velocities

/s

v=1 o]
m]l ou
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Flexible Hose With Fixity
Provided By Braid

k k p . .
Equivalent Mechanical
j W= Wy Model

(@) Structural Mode For Flexible Hose

Fluid Mass=2 mg

s =

mf - %PfDmh(Za-th)

(b) In-Phase Mode

q Acceleration Of Fluid In And Out
Results In An Apparent Mass
_ wP{Dmh
(c) Out-of - Phase Mode M = — 3§
2003

Figure 11. Summary of Flexible Hose Longitudinal Vibration Modes
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II. 4 Bellows Flow-Induced Vibration Model

A calculated coincidence of the coupled bellows-liquid frequencies
and the vortex shedding frequency only indicates a possible flow excitation
problem, but does not guarantee that the bellows will vibrate, or indicate
the severity of vibration. A desirable design goal is to be able to accurately
predict anticipated stress levels for a given bellows and given flow conditions.

Figure 12 illustrates a physical model of the fluid and structural
behavior for bellows flow excitation. The process of periodic vortex
formation and shedding produces periodic pressures on the convolutions.
The amplitude of this alternating pressure is proportional to the free-
stream stagnation pressure (1/2 Qf VZ). So far as the bellows structure
is concerned, this alternating pressure produces a net force which may
be considered applied at the tip of each convolution. The amplitude of this
force is assumed to be of the form

F=C_A (1/20 vy (1)

F''P 1
where C is a vortex force coefficient (a dimensionless coefficient) and
Ap 1is the projected convolutes height area over which the pressurc acts
(the fluctuating pressure producing the force).

If the frequency of the vortex shedding coincides with a bellows
longitudinal mode frequency, then a resonance may occur and the
bellows convolutions will experience a vibratory displacement of the form

CmFQ
X = (2)

Ka

In the above equation, C_, is a dimensionless factor dependent on the
bellows mode of vibration (mode factor), F is the vortex shedding force
defined in equation (1), KA is the bellows overall spring rate, and Q

is the dynamic amplification factor (damping). This convolution vibratory
displacement x will cause a corresponding stress whose magnitude is
dependent on the convolution geometry.

Accepting this simple physical model of bellows flow excitation,
the problem of calculating resultant stress levels reduces to one of
obtaining a knowledge of the various ''factors'' illustrated in Figure 12,
The primary factors are: Cr., a vortex force coefficient; Cm, a vibration
mode factor; Q, a dynamic amplification factor; and CS, a geometric
stress factor. Other factors may also be introduced to account for various
unique situations. For example, when an elbow is located upstream of
a bellows, higher-than-normal stress levels may occur for a given flow
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Vortex Shedding From Convolutions

FE ——V F

Vortex Force

1 2

Convolution Displacement

X = CmFQ
Ka

The resultant stress is CoEtx
Stress = 2

In the above equations
vortex force coefficient
Cg = elbow factor
Cm = vibration mode factor
= dynamic amplification ( damping )
Cg = geometric stress factor

o
-
"
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Figure 12. Illustration Of Stress Resulting From Vortex Force
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velocity. If an acoustic resonance exists, this can change the picture,
also. The objective of the next several sections is to summarize results
of studies of these various factors.

Bellows Mode Factor

Using the force coefficient information obtained with a single
convolution test model, along with an equivalent bellows mechanical
model concept, flow-induced vibration amplitudes were predicted. This
was accomplished by assinging a vortex force at each convolute tip, and
then calculating the forced amplitude of the mechanical model. Comparing
the resultant vibration amplitudes with observed values showed the pre-
liminary predictions to be high by a factor equal to the number of convolutions
involved in each "half wavelength' of bellows vibration. This suggested
that there was only one effective vortex force per mode number of the
vibration. Further detailed comparison of calculated and observed vibrations
of bellows confirmed this idea. Also, reexamination of the visualized
vortex shedding activity (illustrated in Figure 6) and reconsideration of
the pressure forces involved, showed how this must happen.

Figure 13 depicts the action of a bellows with several convolutions
vibrating in the first longitudinal mode. As shown, the vortex shedding
causes fluctuating pressure forces on each side of each convolution.
Because of the phasing of these pressure forces, however, only one
effective vortex force exists per mode number of vibration. The first
mode has one effective force point, the second mode, two, etc. Each of
the se effective forces is exerted at the central convolution of each mode
half wavelength, or at the point(s) of maximum displacement of each mode.

Using the one-force-per-half-wave length concept illustrated
in Figure 13, the analytical derivation of a value for the mode factor
C. , which relates displacement and force during a resonant condition,
was undertaken. As shown in Section III, the resultant bellows mode
factor is of the form

1 N l T N
— ——— S— N — ———
Cm 8N N ) N (3)

and refers to the maximum relative displacement point (maximum stress
point) along the bellows. Thus, from equations (2) and (3), it is evident
that the bellows convolute maximum relative vibratory displacement is

N N
X = + sin
A Nc Nc

(4)

N|:l
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Vortex Activity On
Bellows Vibrating In

@ 9 1st Mode
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Figure 13. Effective Vortex Force On Bellows Vibrating
In The First Longitudinal Mode



In equation (4), F is the amplitude of the vortex shedding force applied
as illustrated in Figure 13 N is the vibration mode number (1, 2),
and Nc is the total number of convolutes.

Bellows Damping

Because the value of damping is so important in the prediction of
bellows flow-induced vibration amplitudes, a large number of mechanical
vibration tests were conducted from which Q values could be obtained
for typical conditions. These tests, and detail results are discussed in
Section III.

Based on the test damping data and other flow results, a damping
model was formulated, and is presented in Figure 14 and Table II. To
reflect the change of Q with strain level, the factor

2
C:FCEPd
N
p

b
t

called the '""Bellows Operational Parameter,' is employed as the independent

variable. To account for different internal media, the effect of the number
of plies, the bellows stiffness, and the mode number, the data in Figure 14
are shown as a number of application curves of Q versus the bellows
operational parameter. TableII defines the use of each application curve.

Force Coefficient

Values for the vortex force coefficient have been obtained entirely
from experiments. The effect of convolute geometry and bellows size
have been examined in some detail as discussed in Section III. Figure 15
shows a model of the CF (force coefficient) data resulting from all tests.

The Cp model shown here, because of the complexity of the flow-
induced vibration problem is not always accurate for all bellows geometries,
vibration modes and flow conditions. The data, however, represents
a starting point for the analysis of a given bellows, and calculation of the
Stress Indicator. Section III more fully discusses the force coefficient.

Acoustical Resonance

All previous discussion has related primarily to the flow-excitation
of bellows with internal liquid flow. Tests conducted with internal gas flows
reveal that a similar vortex shedding excitation can occur, but there is an
added effect which is likely. It has been determined that when the vortex
shedding frequencies become high enough, a radial acoustic resonance can

29
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| Specific Spring Number Internal Mediz Curve
Rate (see Note 1} Plies {see Note 27 No.

all ranges 1 low pressure gases 1
over 2000 1b/in? 1 high nressure gases, light liguids 1
over 2000 1 water, dense liquids 2
under 2000 1 nigh pressure gases, light liquids 2
under 2000 1 water, dense liquids 3
over 3000 2 all 3
2000-3000 2 all pressure gases 4
under 2000 2 all pressure gases 5
2000-3000 2 all liquids 5
under 2000 2 all liquids 6
over 3000 3 all 4
2000-3000 3 all 5
under 2000 3 all pressure gases 5
under 2000 3 all liquids )
Use of Table - To use table, first calculate bellows specific spring rate,

then look up application curve number corresponding to
this specific spring rate, number of plies, and internal

media.
Note 1: The specific spring rate is here defined as
N
S.S.R. = “Ac
or is the spring rate per convolute, per ply, per unit of
diameter.
Note 2: Low pressure gases will be defined here as being those

gases below 150 psia. Light liquids will be defined as
having a density, relative to water, of less than 0.2.
TABLE II

Applications Information for Use with Q Values
Data in Figure 14
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be excited within the bellows. The effect of this resonance is to greatly
amplify the convolute vibratory stresses. This effect must be anticipated
and allowed for in any calculation of bellows flow-induced stresses

where a gas is the internal flow media. Section V of the report is devoted
entirely to this subject.

Effect of Heat Transfer - Cryogenic Fluids

Heat transfer effects as well as vortex, acoustic, geometric and
cavitation influences must sometimes be considered in examining the
flow-induced vibrations of bellows. The consequences of heat transfer
in the case of cryogenic flow in bellows are of particular interest since
large temperature differences exist between the flowing liquid and the
bellows environment which could lead to a phase change near the inside
bellows wall. Vapor formation will result in a "killing off'' of the vortex
shedding, and a change in the bellows flow response. Even low rates of
heat transfer, which do not produce large scale boiling, may raise
the vapor pressure near the wall so cavitation can occur and suppress
the flow induced vibration. In addition to vapor effects on the flow
induced vibration, frost buildup and liquid condensation on the outside
bellows surface will affect the heating rate and add damping to the bellows
structure, thus influencing its operating characteristics. Another question
regarding bellows operation is the change in the bellows characteristics
at extremely low temperatures in contrast to conditions tested in air and
water at near ambient conditions.

The entire problem of heat transfer effects on the bellows response
is considered in detail in Section IV of this report.

I1. 5 Summary of Design Analysis Procedure

The procedure for analyzing a given bellows design to assure
freedom from a flow-induced vibration failure consists of several distinct
steps which are listed below.

Step 1 - Calculate the natural frequencies for all modes
of the bellows or flex hose.

Step 2* - Determine the lock-in or critical velocity range
for each possible mode of vibration

Step 37 - Calculate the Stress-Indicator for each mode at
the critical point. For this step the possible

Note: Step 1, Step 2 and Step 3 may be performed using the computer
program discussed in Appendix A.
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effects of heat transfer and radial acoustic
resonance should be included.

Step 4 - Determine the potential for failure of the
bellows using the Stress Indicator versus
Cycles-to-Failure correlation plot.

Step 5 - For those bellows determined to be marginally
safe from Step 4, perform a more thorough
analysis of the critical modes by the procedure
outlined below, and further discussed in Section III.
A redesign and reanalysis is definitely required
for those cases determined unsafe from Step 5.

The following discussion briefly outlines the procedures required
for each step listed above.

Step 1 - Calculation of Natural Frequencies

As we have seen, a given bellows will have a number of structural
modes which may be flow excited. These modes may be defined in terms
of a number of modal frequencies denoted by

f

ml’

f f f

m2’ 'm3 **°** ‘mn

Here {_ ; denotes the first or lowest modal frequency and fmn denote s
the highest. For the case of a free bellows, f{_ )| will represent the
first longitudinal mode and f  will devote the convolute bulging mode;
the total number of modes will depend on the number of convolutions.
For a flex hose, there are, so far as we presently know, only three
possible modes; these are the in-phase and out-of-phase longitudinal
modes shown in Figure 11, and the convolution bulging mode shown

in Figure 10, Tables III and IV summarize the frequency calculation
procedure for free bellows and flex hose.

The calculation of the modal frequencies may be conveniently
performed, if desired, by the computer program described in Appendix A.

Step 2 - Modal Lock-In Range

Each of the bellows modes may experience flow excitation over
a fluid velocity range from a lower value V to an upper value Vu
defined as

fmo
V =

SOu

fmc
Vu = S
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Step C -

SteE D -

Step E -

Step F -

Consider the hose convoluted structure representable
by the mass-spring model shown in Figure 11,

Calculate the elemental spring rate value k from the
expression

k = 2K,

where Kp is the overall spring rate of one complete
convolution. The value of Ky may be determined by a
method given in Appendix A or from a force-deflection test.

Calculate the elemental metal mass m from the expression

mp, = mppt Ny Dy [ma +(h-22)]

P
Calculate the in-phase mode and out-of-phase longitudinal

mode fluid masses from

my = % p¢Dyh (Za-th)} in-phase mode

1'an,1pfh3 }

myg = 36 out-of-phase mode.

Calculate the in-phase and out-of-phase longitudinal
frequencies from

where

m =mm+mf

Calculate the first bending mode frequency from the
information in Figure 10, or

P S TSR W 1
B 2m m' - 2T m
where
k' = 2k
d
an | _n,—)- mm+mf
m = 2 = 2

For the value of my use

TABLE IV - SUMMARY OF FLEX HOSE FREQUENCY

CALCULATION PROCEDURE




Step C

SteE D

Consider the bellows structure representable by the
lumped mass-spring mechanical model shown in Figure 3.

Calculate the elemental spring rate value k from the
expression

k = ZNCKA

where K, is the overall spring rate determined from
a method given in Appendix A or from a force-deflection test.

Calculate the elemental metal mass m_ from Equation (4) or
mpy, = mp .t Np D, [ma + (h-2a)]
Calculate the fluid added mass my, for the first few longi-

tudinal modes (N values) and for the higher longitudinal
modes as

my = % Py D, ,h (Za-th)} First few N values
and
3
™D, p¢h
myg = 36 Higher N values

Calculate the reference frequency f, from the exprcssion
N
© 27 Vm

where

I.ook up proper dimensionless frequencies in Table I
(corresponding to given N value) and then calculate the
true mode frequencies by multiplying by the reference

frequency. This gives all of the longitudinal mode frequencies.

Calculate the first bending mode frequency from the informa-
tion in Figure 10, or

fo L fex! 1 B
2w m 2T m
where
k' =2k
and +
. my, My
m =m/2 = >

For the value of my use

my = ﬁDmpfh3/36

TABLE 1II - SUMMARY OF FREE BELLOWS FREQUENCY

CALCULATION PROCEDURE (ASSUMED
INCOMPRESSIBLE FLUID)
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where the Strouhal number limits are shown in Figure 8. The critical
ranges of velocity must be calculated in Step 2.

The range of possible bellows flow excitation may be predicted as
follows:

(a) Calculate the lowest and highest bellows mode frequencies,
fn1 and f..,. The procedure for doing this is summarized
in Tables III and IV.

(b) Calculate the limits of fluid velocity corresponding to these
two frequencies. This is done with the equations above
and with the values of the Strouhal numbers Soz and Scu
obtained from Figure 8.

(c) Compare this flow excitation fluid velocity range with
the known operating range of the bellows. If an overlap
of these ranges exists, then excitation may occur.

A graphical method of predicting bellows excitations ranges is
illustrated in Figure 16, This method involves preparing a plot of
frequency versus fluid velocity which contains both the bellows mode
frequency information and the possible vortex shedding frequency
limits. The upper and lower bellows frequencies are represented by
horizontal lines on the plot (constant frequency lines), as shown in
Figure 16. Also, lines of constant slope which pass through the origin
are drawn in to represent the vortex frequency limits {(as a function of
velocity), defined by the expressions

Sg V
f =
e}
and
Sc A"
£ = =
u c

The range of possible flow excitation is clearly seen from this plot.

The computer program discussed in Appendix A may be used to
rapidly predict the critical velocity ranges for each bellows mode.

Step 3 - Stress-Indicator

A quick method for estimating the dynamic flow-induced stress
level for a given bellows installation has been developed. This method
consists of calculating a ''Stress-Indicator'' which is a number roughly
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Frequency
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Possible Flow Excitation
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Fluid Velocity

Figure 16, Frequency versus Velocity Plot To |llustrate
Bellows Flow Excitation Region
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proportional to stress and apparently valid for judging the relative
severity of bellows vibrations.

The basic equations which describe flow-induced stress, as given

previously are

— 2, _
F‘CFAp(l/ZpV)—CFAppd (5)
CmFQ
x = = (6)
A
and
C Etx
Stress = ——§—2— (7)
h

The objective of the ''Stress-Indicator' approach is to combine the se
expressions in a simple form so as to give a single expression for stress
which contains only readily-known bellows dimensional data, or para-
meters, and flow variables. Therefore, we will assume the following:

(a) Ap can be approximated by
A = TD h
P m
(b) CF is known from Figure 15
(c) Cy can be approximated by
c = =
m 4N
c
(d) KA can be approximated by

~ 3
K D _E (Np/NC) (t/h)

A
(e) Q can be found from Figure 14,
(f) The factor Cs is approximately constant for all bellows.

Based on these assumptions, Equations (5), (6), and (7) may be com-

bined to give 5
CFQ h
s\ N t
p

Stress = T C (1/2 ovz) (8)



Since CS has been assumed constant, we can extract a quantity from
Equation (8) which is approximately proportional to flow-induced stress
for all bellows; this quantity is

2 2

Cr2) (8) s ev?y =[<E2) (2

N t N t
P P

Stress Indicator = Py (9)

To find values for the Stress-Indicator for each critical velocity, it is
first necessary to find Cy and Q values from Figures 14 and 15.

"Jhe Stress Indicator value mav be l:and calculated by the procedure
outlined above, or the computer program presented in Appendix A may

be directly used to calculate S.I. values.

Step 4 - Failure Potential

The Stress Indicator value, as previously discussed, represents
an indication of the dynamic or flow-induced stress level within the con-
volutes. When this stress level is of sufficient magnitude, fatigue failures
of the convolutes may be expected. To permit prediction of bellows
flow~-induced fatigue, a correlation of the S.I. value with the number of
cycles-to-failure for a large number of bellows specimens has been
generated, as discussed in Section III. This correlation is presented in
graphical form in Figure 17. Step 4 of the analysis and design procedure
involves predicting the life of a given bellows by use of the information
contained in Figure 17, and a knowledge of the modal frequency for a
given operating condition,

As an example, suppose a certain bellows having a critical modal
frequency of 1000 cps had a calculated S.I. value of 40, 000 psi. Frgm
Figure 17 we see that this bellows is not safe beyond about 2.5 X 10
cycles. Based on this we can readily predict the safe life to be limited to

5
. 10
time = 22X 297 = 350 seconds.
3
10
It should be emphasized here that the use of the Stress Indicator
approach, utilizing the method defined above gives a conservative answer
as to the failure potential of a bellows. In fact, some bellows which fall
in the marginal or random zone of Figure 17 may actually be failure-free.

Step 5 provides a closer look at these bellows.



Stress Indicator - ( CFCEpgQ/Np ) ( h/t)® x 107 psi

100.0 ——

Region Of Very High

Probability Of Failure

/

Region Of Random Failures

/

Safe Operating

Region
10.0
|
Notes :
[ - Obtain Cf from Figure 15
- Obtain Q from Figure 14
— - Use Cg = 2.0 for severe upstream elbow
- Use Cg = 1.0 for no upstream elbow g
- This data is unconservative where acoustic resonance occurs
Lo RN
100, 000 1, 000, 000 10, 000, 000
Number Of Cycles To Failure 2415

Figure 17. Preliminary Bellows Fatique Life Data
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Step 5 - Closer Look and Redesign

Those bellows determined unsafe from Step 4 should definitely be
further examined by a more refined analysis. The quantities C, and Q
presented in Figures 14 and 15 are conservative. As discussed in Section
III. the product of these two, that is C. Q, has been correlated for a large
range of bellows geometries and flow conditions to give an improved model.
Figure 18 shows a model of this correlation. Here Cr Q is plotted as
a function of the parameter

1 2

(ZpV )Ap %
o

NK, N_

The correlation is branched, that is one curve is valid for the lower order
modes defined by the condition

N < NC (lower order modes)

and another curve is valid for the higher order modes defined by the condition

N 2 N
C

To use the data of Figure 18, one simply calculates the independent parameter
based on the bellows operating condition and geometry, and then obtains the
corresponding value for the quantity C_ Q. This value for C_ Q is then
used to calculate a new Stress Indicator value. The new Stress Indicator

is then reintroduced into the data of Figure 17, and any bellows falling in

the safe zone is definitely safe, while those falling in the random zone

or above will fail.
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Figure 18. Correlation of CrQ with A Bellows Parameter Involving
Operational and Geometric Parameters
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III. BELLOWS FLOW-INDUCED VIBRATIONS
WITH LIQUIDS

11, 1 Introduction

A search of the open literature, conducted at the start of the
project, revealed that no previous work had been reported on flow
excitation of bellows. In fact, the only discussions found in the liter-
ature which deal with the related problem of mechanically excited
vibration characteristics of bellows are those of Daniels (10) and Lytle (11).
A study of unpublished reports from the aerospace industry, however,
revealed that bellows flow-induced fatigue failures had been observed for
a variety of conditions, including liquid and gas flow, single- and multiple-
ply bellows, and both free and wire braid-covered items.

The study described in this report has resulted in a rather detailed
examination of several phases of the bellows flow-induced vibration
problem. The initial two years of the program were devoted to a detailed
study of the mechanism of flow excitation, resulting in a formulation of
the model summarized in Section II, and presented also in Reference 1.
The initial studies were made using rather small bellows (1.5 to 2.0 inches
I.D.) and with water as the predominant test fluid.

Following this initial investigation with water, the program was
expanded to verify the model initially generated (Section II} to accomplish

the following:

(1) Verify the Strouhal number correlation for a range of
bellows sizes and geometries.

(2) Verify the force coefficient model as a function of size
and geometry.

(3) Develop additional failure data to verify the Stress
Indicator versus Cycles-to-Failure correlation for a
range of bellows geometry.

The remainder of this section describes results of the above studies.

I1I. 2 Strouhal Number Correlation

For a given bellows, having some particular convolution geometry
and structural mode frequencies, there are certain optimum fluid velocities
which result in a maximum amplitude bellows excitation of each mode.
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It is at these velocities that the vortex shedding process is best able to

feed energy from the fluid stream into the vibration process. In other
words, the vibration frequency and fluid velocity conditions are "optimum'
from a vortex shedding standpoint. It has been found that the use of a
Strouhal number is an excellent means of correlating the vibration frequency,
fluid velocity and geometry under these optimum conditions, as is true for
any vibration phenomena involving vortex shedding.

In general terms, a Strouhal number is a dimensionle ss quality of
the form

S=f4/V

where f is a frequency, £ is a length quantity, and V a fluid velocity.
For the case of bellows flow-induced vibrations, the only problem in using
this correlation parameter was in selecting a satisfactory length quantity.

Figures 19 and 20 show example data, which was originally presented
in Reference 1, of the Strouhal number calculated at the optimum flow
excitation condition for two different bellows. The pitch of these bellows
were changed by stretching and compressing them from their original
configuration. Strouhal number values based on both the tip width o©
and the pitch A have been plotted. Based on a composite of all initial
test data, a single curve of Strouhal number (based on tip width ©) as a
function of the ratio of pitch to tip width (A/0) was prepared and originally
presented in Reference 1. This Strouhal correlation model, shown by the
curves in Figure 21, was originally based on test data obtained with bellows
in the 1.5 to 2.0 inch I. D. size range. As part of the more recent studies
to validate this model for large bellows, data was obtained from a number
of bellows with internal diameters of 3 inch, 6 inch and 14 inch,

Table V presents geometric and test results for the 3 inch bellows,
while Table VI gives similar results for the 6 inch and 14 inch bellows.
In each case, the Strouhal number was calculated for the observed peak
strain point for a given mode of vibration. All of these new data points
have been plotted in Figure 21. As may be seen, the results from these
larger bellows agree very well with the original model, since the Strouhal
number for peak excitation falls well within the range for lock-in indicated.
We have concluded from these results that the original Strouhal number
correlation is valid.

II1. 3 Bellows Forced Vibration Model

A physical model of bellows flow excitation was outlined in Section II. 4
and illustrated in Figure 12. In this model, the vortex force is assumed to

be of the form

1 2
F=C_A |5 0oV (10)
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Strouhal Number Strouhal Number

Strouhal Number

See Appendix A For Bellows Description
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TABLE V. STROUHAL CORRELATION FOR 3-INCH TEST BELLOWS
ellows fo
# o Ao Ve £ N vV
2 . 150 1.57 22.3 430 1 . 241
40. 8 830 2 . 254
56.0 1220 3 .271
3 .12 1.97 7.0 140 3 . 200 j
9.0 185 4 . 205 ;
12.5 235 5 . 187
5 . 125 1. 89 9.4 175 1 . 194
17.7 340 2 .201
26. 6 500 3 . 195
34,6 640 4 . 193 '
50. 8 990 6 . 185 !
55.5 990 6 . 185
|
8 .12 1.92 14, 2 250 ] . 176 |
27.8 500 2 . 180 |
40, 8 725 3 . 178 é
|
|
10 . 135 1.75 5.0 100 . 225 |
9.5 190 . 225
15.0 265 . 200
14 . 135 1.63 5.0 80 1 . 180
10.0 175 2 . 197
14. 6 260 3 . 200
20.0 330 4 . 186
24.0 400 5 . 188
28.0 455 6 . 183
. 135 1.72 10. 0 180 2 . 202
15. 8 270 3 . 193
20.5 345 4 . 189
26.0 415 5 . 180
32. 485 6 L171




TABLE VI. STROUHAL CORRELATION FOR 6-INCH & 14-INCH TEST BELLOWS
Bellows Di o) Ao Ve f N fo
#1 (inches) {inches) (fps) (Hz) v

SwRI-D 6 .12 1. 87 7.5 155 1 . 207

#3 11 236 2C .215

16 293 2 . 183

17.5 323 2C . 185

20 418 3 . 209

26.5 528 4 . 200

34,5 626 5 . 182

SwRI-E 6 .12 1,87 7.5 146 1 . 195

10. 0 214 2C .214

16 282 2 . 176

18,5 315 2C . 170

21.5 403 3 . 188

23 430 4C . 187

26 509 4 . 196

33 605 5 . 183

SwRI-F 6 .12 1.87 9 167 1 . 186

13 261 2C . 200

17 318 2 . 187

17+ 330 2C . 183

24.5 449 3 . 183

33,5 574 4 L172

SwRI-G L6 . 16 1.81 12,5 180 1 . 192

#4 ‘ 16 270 2C . 225

; 22.5 346 2 . 205

i 27.5 494 3 . 239

34.5 530 C . 205

41,5 630 4 . 202

50. 5 746 5 . 197

| SwRI-H 14 P24 1.87 10. 2 92 1 180

#3 ‘ 12.5 130 2C 208

i 20.5 180 2 L. 176

: { 21.5 256 30 .186

; [ 37.0 325 4 | 176
L 45.0 387 5 ;
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The resultant bellows vibratory displacement, as illustrated in Figure 12,
is assumed to be of the form

C FQ
Zm
KA

X = (11)

and the vibratory peak stress in the bellows convolute is assumed to be
given by
C EtX
Stress = ———— (12)

hZ

This model contains several factors which must either be analytically
modeled or determined from experiments. These factors are

CF = vortex force coefficient

CE = elbow factor

Cm = vibration mode factor

Q = dynamic amplification factor
Cs = geometric stress factor
CAR = acoustic resonance factor

The factors Cm and CS may be analytically modeled, but the rest must
be modeled from experimental data. The discussion which follows describes
the models developed for each factor except C ,p which is discussed in
Section V of this report.

III. 3. 1 Initial Studies of Vortex Force Coefficient

The initial study of the nature and magnitude of the vortex
shedding force was undertaken with a special single convolution test model
which is illustrated in Figure 22. A bellows convolution is simulated in this
test model by a flexible ring which is geometrically quite similar to a convo-
lution. The ring was constructed from steel and had a coating of lead on
the flexible web section to provide sufficient damping to prevent early
fatigue failure during actual testing; this happened with the first several
rings which were constructed without added damping. The test ring or
simulated convolution is clamped in a special housing between a pair of
exciter coils; also, a displacement probe is built into the apparatus to
allow ring vibration amplitudes to be monitored.
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f(t)
x(t)

SINGLE BELLOWS CONVOLUTION

L——— f (1)
x(t)

MECHANICAL MODEL OF CONVOLUTION
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convolution shown above )
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...................

L8

f(t)
x(t)

—m—\ [
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‘l///////X/////

CONVOLUTION VIBRATION TEST MODEL

Figure 22. Diagram Of Convolution Vibration Test Model And Equivalent
Bellows And Mechanical Model Representations
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With this apparatus the following types of tests have been performed:
(a) frequency response of the ring in air with excitation provided by the
coils; (b) frequency response of the ring in water with excitation provided
by the coils; and (c) response of the ring as a result of flow excitation with
internal water flow. Also, a calibration of static force versus deflection
was made for the ring. From these tests and the force-deflection calibra-
tion, several kinds of information were obtained. The forced vibration
test in air gave essentially the ring-only natural frequency and damping
(neglecting air loading). The forced vibration test in water allowed the
water-added-mass and water damping to be calculated. Also, Figures 23
and 24 show typical test data obtained by monitoring ring amplitude as a
function of frequency for a constant coil current amplitude (constant coil
force amplitude) for the forced vibration test in water. Note the increase
in peak amplitude as the flow velocity is increased. The greatest ring
vibration amplitude will occur when the velocity is such that the ideal vortex
shedding frequency corresponds to the ring critical frequency.

Finally, the flow-induced vibration data allowed an effective vortex
force coefficient to be obtained over the lock-in range. This effective vortex
coefficient was reduced from the ring flow-induced vibration data in the
following manner:

(a) The vibration amplitude (as a function of fluid velocity) was
converted to an apparent force through the use of the force-
deflection calibration.

(b) This apparent force was converted to a true vortex force
by dividing by the Q value reduced from the forced vibration

test data (in water).

(c) This true force was converted to a force coefficient through
the use of Equation (10).

Vortex coefficient data was obtained in this manner for two different convol-
ution geometries and the results are shown in Figure 25. Notice the great

reduction in the force coefficient as the convolution pitch is 'opened up'.

III. 3.2 Vibrations of Real Bellows

Bellows Mode Factor

Having available the results of the experiments with the single con-
volution test model, discussed in the previous section, the next logical
step was to use this force coefficient information, along with the equiva-
lent mechanical model concept, to predict flow-induced vibration amplitudes
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Figure 23. Typical Forced Response Data From Vibrating Ring Test Model - Constant

Coil Excitation Current (0.25) - Variable Flow Velocity
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Figure 24. Typical Forced Response Data From Vibrating Ring Test Model - Constant

Coil Excitation Current ( 0.50 ) - Variable Flow Velocity
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Figure 25. Vortex Shedding Force Coefficients From Tests Of
Two Simulated Convolution Geometries
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of real bellows. This was done by assigning one force per mass point*,

as shown in Figure 26, and then calculating the forced amplitude of the
mechanical model. Comparing the resultant vibration amplitudes with
observed values showed the predictions to be high by a factor about equal
to the number of convolutions involved in each 'half wavelength' of bellows
vibration. This suggested, therefore, that there was only one effective
vortex force per mode number of the vibration. Further detailed compari-
son of calculated and observed vibrations of bellows confirmed this idea.
Also, reexamination of the visualized vortex shedding activity (illustrated
typically in Figure 7) and reconsideration of the pressure forces involved,
showed how this must happen.

Figure 13 depicted the action of a bellows with several convolutions
vibrating in the first longitudinal mode. As shown, the vortex shedding
causes fluctuating pressure forces on each side of each convolution.
Because of the phasing of these pressure forces, however, only one
effective vortex force exists per mode number of vibration. The first
mode has one effective force point, the second mode, two, etc. Each of
these effective forces is exerted at the central convolution of each mode
half wavelength, or at the point(s) of maximum displacement of each mode.

Using the one-force-per-half wavelength concept illustrated in
Figure 13, we can now proceed with the derivation of a value for the
mode factor C which relates displacement and force during a resonant
condition., The following assumptions will be made:

(a) The shape of the longitudinal bellows modes is inter-
mediate between a linear and a sinusoidal form. This
is a very good assumption as comparison of the exact
mode shapes with this approximation has shown.

(b) The maximum deflection for a given mode is equal to
the static deflection times Q, the dynamic amplification
factor.

(c) The maximum stress point for a given vibration mode

occurs at the convolution with the maximum relative
displacement; this is the end convolution for each half-
wave mode shape, in general.

The first assumption noted above implies that the mode shape is of the
form illustrated in Figure 27, or over the first quarter wavelength

* By assigning one force per mass point, where each mass point
represented one-half of a convolution, it was necessary to take
each force equal to one-half of the force in Equation (10).
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All forces are of the form fp = fg sin(wt+ ®p)
where p depends on mode of vibration

f, fa fq fn
k [« k [k Kk [k
%—n—m m m —Wr---- m

Loy, Lex, Lex, Lex,

Figure 26. Mechanical Model With One Force Per Mass Point -
All Forces Are Of Equal Magnitude



60

relative displacement x

_ o N . N
x == |\ y * sin ———Y-z (13)

where x denotes the axial absolute displacer;rlent of a given point along
the bellows defined by the axial position coordinate y; N is the mode
number.

The second assumption given above, when considered in light of
the one-force-per-half-wavelength concept, implies that the maximum
absolute displacement X (see Figure 27) is

FQ
X = ——— (14)
o} 4NkA

where F is the amplitude of the vortex shedding force applied as was
illustrated in Figure 13. Again, Q is the dynamic amplification factor
and KA is the overall bellows spring rate.

From the third assumption given above, the point of maximum
my fOra given bellows, and a given mode of vibration,
occurs at a point where y = L/ZNC. Therefore, from Equation (13),

o} N ™ N
= — —_— F gi —_— — 1
er 2 Nc sin 2 N (15)
Combining Equations (14) and (15) yields
FQ N ) m N
= 22 | = + z 1
*mr 8 NK N SNz N (16)
A C (o}

and comparison with Equation (11) shows that the "mode factor Cm"

defined in Equation (11), or

C FQ
x = —mR——— (17)
A
now becomes
1 N T N
= |— + si - - 1
Cm TN | Sl N (18)

c
and refers to the maximum relative displacement point (maximum stress

point) along the bellows.

At this stage, we are about in a position to estimate bellows flow-
induced vibration amplitudes using Equations (10), (17) and (18), plus
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Figure 28. Typical Strain Gage Installation
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the data from Figure 25. We still need, however, values of Q, the am-
plification factor. A comprehensive discussion of bellows damping and
the resultant Q values will be delayed until a later section of this report;
for the present we will assume the damping values are known.

Initial Test Data for Real Bellows

The analysis method described in the foregoing was initially used
to correlate data from a number of flow-induced vibration tests of bellows
in the 1.5 to 2.0 size range. These tests were conducted in the following
manner:

(a) Strain gages were installed on the tips of the end convolutions
of all test bellows. On all bellows, one strain gage was
oriented to monitor longitudinal strain and, on a few bellows,
a gage to monitor circumferential strain was also installed.

(b) Each test bellows was subjected to a static load test,
during which both deflection and strain were monitored.
This allowed force-deflection and force-strain curves
to be plotted for each bellows.

(c) Each bellows type was subjected to a mechanical vibration
test (to be discussed later) and the damping was determined.

(d) Each test bellows was installed in the water-flow system,
and flow-induced stress levels were monitored as a function
of flow velocity.

(e) This data was finally correlated with the analysis described
earlier.

The following discussion describes these various steps, and the results,
in more detail.

A typical strain gage installation on a bellows is shown in Figure 28,
For most cases 1/32-inch gages were used, while some 1/64-inch gages
were installed on those bellows with small width convolutions. Actual
gage installation was straightforward, however, particular care was needed
in lead installation to prevent fatigue. It was found that very small lead
wire worked best (say about 0,005-0,010 inch) and that the best procedure
was to glue the wires down along the sides of the end convolution with
rubber cement. The amount of cement used was kept to a minimum to
ensure that the damping of the bellows was not significantly increased.



Following strain gage installation, each bellows was tested to
obtain force-deflection and strain-deflection curves. The reasons for
doing this were twofold; first, it was desirable to have experimental
spring rate values to allow more accurate mode frequency calculations
and, second, by having a strain-deflection ''calibration'' along with the
spring rate value, the flow-induced strain amplitudes could be directly
interpreted as vortex shedding forces after suitable data reduction to

account for the dynamic amplification, and mode factor. By this procedure,

errors inherent in trying to analytically relate strain (or stress), and
vibration amplitudes and forces, were eliminated. This allowed a more
realistic judgment of the validity of the bellows flow-induced vibration
analysis presented earlier in this report. Some typical force-deflection
and strain-deflection data are shown in Figures 29 and 30, g

The next step in the bellows test procedure was to subject one
bellows of each particular type to mechanical vibration and thereby obtain
a forced response plot for various conditions (various internal media,
various internal pressures, different peak strain levels, etc.). This
me chanical vibration test procedure will be discussed in much more
detail in a later section. The important point here is to realize that
the result of these tests was a tabulation of Q values for each bellows
for the various test conditions.

The final step in testing each bellows was to mount it in the water
flow loop and monitor vibratory strain levels as a function of internal
fluid velocity. Figures 31, 32 and 33 illustrate typical flow-induced
strain data for three different bellows types with a 1.5 inch internal
diameter. In Figure 31, data for three supposedly identical test bellows
is given, however, variations in vibration characteristics are readily

evident. The main reason for this difference in the vibration characteristics

is that the force-deflection and strain-deflection calibrations of these

supposedly identical bellows were quite dissimilar, also. As will be shown,

however, correlation of the apparently dissimilar data in Figure 31 for
"identical'' bellows using the flow-induced vibration analysis discussed
earlier gives very consistent results.

This correlation for all data was carried out in the following manner:

(a) The peak flow-induced strain data, as exemplified by
the data in Figures 31, 32 and 33, was converted to
equivalent maximum relative convolution displacement

(xmr) values. The equation giving this conversion is

* Appendix B gives dimensional data for all bellows used throughout the

study; refer to this appendix for data on numbered bellows in all figures.
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Note :
Bellows #103 & # 105 stretched to
approximately 20 % permanent
extension before retesting.
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Figure 30. Typical Strain - Deflection Data For Test Bellows
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Figure 32. Peak Flow- Induced Strain Of Three Test Bellows
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Figure 33. Peak Flow- Induced Strain As A Function Of Fluid Velocity For Bellows # 106
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x_ . = —%—— (dS/dx)-l (19)
C

where S is the measured peak strain and dS/dx is the
slope of the overall bellows strain-deflection curve
(see Figure 30).

(b) Next, these maximum relative displacement values were
used to calculate the quantity FQ from Equation (16), or

'8 NK, x_
FQ = (20)

N_ .. (7 N
N SN2 N
C C

Here, F is the peak vortex shedding force and Q is the
dynamic amplification factor.

(c) From the results of the bellows damping study (to be
discussed in a later section) the value of Q was known
from the conditions of the test, therefore, the vortex
force F was readily found from the results of (b) above.

(d) Finally, the value of vortex shedding force F was used
to calculate an effective vortex force coefficient C from
. F
Equation (10), or
F

°r7 Tz V(A (21)

where

A = ﬂ(D.h+h2)
p 1

Figures 34 and 35 show the result of this data reduction process as
applied to the flow-induced strain data of Figures 31 and 32. The independent
variable in Figures 34 and 35 is the Strouhal number based on convolution
tip width. Note how much better the data for the supposedly identical bellows
is correlated when reduced to the form shown in Figure 34 than it was in

Figure 31.

The flow-induced strain data from all of the initial 1.5 inch and 2.0
inch test bellows was reduced to the form shown in Figures 34 and 35.
Because of differences in the convolution geometry, the peak Cp values
varied somewhat from item to item. In general, the greater the ratio of
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Figure 34. Force Coefficient Data Reduced From Strain Data Of Figure 29



Vortex Force Coefficient - C

0.03 T T | T T T I 1 !
| ]
0.02 ]
0.01 |
Bellows # 106
( See Appendix A For Dimensional Data )
0Lt I | 1 | 1 ! | ] |
0 0.15 0.20

Strouhal Number - fo/V ’ 2418
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pitch to convolution tip width (A/0), the smaller the peak C_ value.

This trend was also seen in the results of the single convoIEtion test
model discussed earlier; see Figure 25, Unfortunately, the bellows
tests discussed above did not provide the range of convolution geometry
required to adequately determine C_ as a function of geometry, There-
fore, a special test procedure was developed to allow a better study of
geometry effect.

Initial Study of Bellows Geometry Effects

Several tests were initially performed in which the effect of bellows
convolution geometry on the vortex force was determined. This was
accomplished in a rather unique manner by step-wise stretching and com-
pressing the test bellows so as to alter the convolution pitch. The advantages
of this method are at least twofold; first, it allows geometry to be varied
rather independent of other property variations, and second, it results in
a hardware savings since more data can be obtained from a single test item.

Figure 36 shows a series of photographs of a sectioned bellows
mounted in a stretching fixture and positioned in three different pitch con-
figurations. Figure 37 gives flow-induced strain data taken from a bellows
identical to the one shown in Figure 36. The data represents the ocbserved
peak flow-induced strain for each pitch setting. Figure 37 also shows this
same data reduced to the vortex force coefficient form. Notice that the force
coefficient generally decreases as the pitch increased; this trend is in agree-
ment with the single convolution test model results and other bellows tests.
Also, however, Figure 37 shows an obvious trend of '"optimum'' pitch values
which produce minimum local Cy values. This trend has been observed in
several bellows tests and can probably be explained by vortex reinforcement.
These ''optimum!'' pitch values can be correlated with the parameter A/C
and are most pronounced for the first few modes of a free bellows. The
higher modes of a free bellows and flex hose modes don't seem to have these
"optimum'' pitch values; they apparently operate in a ''vortex reinforcement
condition' for all A/0 values by a natural and slight, "tuning'' of the shedding
frequency.

Summary of Initial Studies of Force Coefficient

In the foregoing sections, vortex shedding force coefficient data has
been presented as derived from essentially three different kinds of tests.
First, the results of the idealized single convolution model tests were given.
These tests yielded force coefficient data for two different convolution con-
figurations; the two configurations had the same convolute height h and the
same tip width, but different pitches. Second, complete force coefficient
data was obtained from tests of a number of ''calibrated' bellows having
various convolution geometries. Finally, a limited amount of test data was



FIGURE 36.
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PHOTOGRAPHS OF STRETCHED AND COMPRESSED BELLOWS
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k= b

J_F;FO sin wt
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X

2407
mX + bX + kx = Fg sin wt

Figure 38. Linear Second- Order System
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obtained by a bellows stretch-compression pitch changing scheme.
Comparison of all of this force coefficient data shows consistent results
which gives credence to the bellows flow-induced vibration model developed
in the previous sections.

Figure 15 shows two different curves representative of all initial
available force coefficient data which was obtained from the various sources.
This data was originally presented in Reference 1, and does not reflect
the results of bellows size scale effect, which was part of a subsequent
investigation to be discussed in Section II. 5. One curve is for use with
the first few modes of a free bellows, and reflects the apparent vortex
reinforcement trend discussed above. The other curve is for the higher
longitudinal free bellows modes, flex hose modes and the convolute local
bending mode.

The data presented in Figure 15, when used with the damping model
discussed in the following section, has been found valid for use with bellows
of all sizes. This model has been computerized, as discussed in Appendix A,
and may be conveniently employed to calculate the bellows stress indicator.

III.4 Bellows Damping

An extremely important factor, which provides a limiting condition
on the amplitude of the vibrations resulting from bellows flow excitation,
is the damping of the coupled bellows-fluid system. The vortex force
and mechanical model concept discussed earlier includes no damping so that,
ideally, the vibration amplitudes would be infinite. Some damping is present,
however, in all real structures and it serves to limit the vibration amplitudes
to finite values.

By way of review, consider the elementary linear second-order system

shown in Figure 38. The forced response amplitude of this system, subject
to a harmonic excitation Fo sin W, is of the form

Fo/k

O TET T

-1/2

where

wg = (k/m)/2, £ =b/2 (km)

At resonance (the frequency wr for which x(W) is a maximum, the
amplitude may be written as



7

where

In terms of the values of the mechanical elements of the system in
Figure 38, Q may also be written as

N (o) /2
Q = 5 ~ b

Figure 39 illustrates a typical response curve for the system
shown in Figure 38 where the amplitude of the force F_ has been held
constant, and the frequency of excitation varied. As shown, the value
of Q physically represents the ratio of the vibration amplitude at
resonance to the vibration amplitude in the limit of zero frequency.
Also, the value of Q may be expressed in the form

Q =_Ir
Af

where fr is the system resonant frequency and Af is the bandwidth at
the halfpower point (0. 707 times the resonant amplitude); see Figure 39.

Because the value of Q 1is so important in the prediction of
bellows flow-induced vibration amplitudes, and even for proper data
reduction as discussed earlier, a large number of bellows mechanical
vibration tests were conducted from which Q values could be obtained.
Figure 40 shows the test set-up used for the mechanical vibration tests.
Each bellows was mounted in a special fixture which rigidly connected
the end flanges. The reason for this was to ensure that the vibration
modes excited would be the same as those observed in the flow-excitation tests.

Figures 41 and 42 show Q values obtained from the forced vibration
tests. In general, the following trends are noted (see also Figure 43):

(a) The bellows damping is generally most sensitive to peak
strain amplitudes, with the damping increasing as strain
increases.
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Figure 40.Schematic Of Bellows Damping Measurement Test Setup
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Figure 41. Q Values For Single Ply Bellows
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(b) Single-ply bellows of different configurations, tested
under similar conditions (same strain level, same
internal media, etc.) do not necessarily have the same
Q values.

(c) For one configuration of bellows, increasing the number
of plies from one to two significantly increases the
damping (reduces Q); however, going to three plies adds
little more damping, if any, over the two-ply configuration.

(d) For bellows with a liquid as the contained media, damping
may greatly increase at low absolute pressures.

The fact that damping increases as the strain level increases means
that the damping is a nonlinear function of amplitude and, therefore, the
linear model in Figure 37 is not necessarily valid. Valid Q values can,
however, still be assigned if it is realized that they depend on strain level.
The fact that the bellows damping is nonlinear is really no surprise, since
structural damping is often of this nature (see Lazan's discussion of hysteretic
damping in Reference 12).

The second trend noted above is that bellows with different config-
urations do not necessarily have the same Q values for similar test
conditions. This is caused by a lack of a proper correlation model for
the bellows damping. In other words, from development of an analytical
model which allows prediction of damping in terms of convolution configura-
tion, strain level, etc., then the damping data should 'correlate'. A better
approach to the damping model, as a function of convolute geometry and
operating conditions has been successfully undertaken, and is discussed
in Section III. 5. The model presented here is still of validity for a "quick
look' at a bellows design.

Table II and Figure 14 summarize the results of the initial damping
study and give estimates of conservative Q values for various situations.
The user of this data is advised to always tend toward the higher Q wvalues
where a choice must be made.

II1. 5 Size Scale Effects and Refined Model

In order to determine the effect of bellows size scale and of convolute
geometry on the vortex force coefficient and the damping, bellows of varying
sizes were purchased and tested. Appendix B describes these test bellows
which were of three different internal diameters; 3 inch, 6 inch and 14 inch.
The three inch bellows consisted of fourteen different geometric types, as
shown in Table VII. These bellows have been classified into four different
"families' as illustrated in Table VIII. The first family, consisting of



TABLE VII. THREE INCH BELLOWS GEOMETRIC SPECIFIC ATIONS

Nc = No. of Convolutions, Np = No. of Plys, L = Live Length

Bellows: Di =3.0, A =20 - 2t (U-shaped). X = 2(0-t)

Specimen No. h t o N N
- - - c p

1 .2 . 004 .12 13 1
2 .2 . 008 .12 13 1
3 .3 . 004 .12 13 1
4 .3 . 006 .12 13 1
5 .3 . 008 .12 13 1
6 .3 .008 .08 19 1
7 .3 . 008 .20 7 1
8 .3 .010 .12 13 1
9 .3 .012 .12 13 1
10 .4 . 008 .12 13 1
11 .5 . 008 .12 13 1
12 .5 .010 .12 13 1
14 .3 . 004 .12 13 2
15 .3 . 006 .12 13 2



TABLE VIII.

ILLUSTRATION OF RELATIONSHIP OF
CONVOLUTE GEOMETRY FOR THE SINGLE-PLY,
THREE-INCH TEST BELLOWS

L> .2 0.3 0.4 0.5 0.
{
4
0.004 - 0.12 0= 0.12
@ ®
0.006 c=0.12
4_
0.008 ~0.12 |(Do-0.20 | ¢ =0.12] 0-0.12
. N by ~
® (6)o= 0.08 Y @
0.010 g =-0.12 g =0.12
0.017 o -0.12
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bellows @ , @, @9 and @ have constant values of the parameter (h/t),
hence, they have similar spring rate values, but differing convolute heights,
h. These bellows would be expected to reveal the influence of convolute
height on the force coefficient and the damping. A second family of bellows
have the same h value (0.3 inches) and the same convolute tip width

(J = 0.12), but varying ply thickness. These bellows were selected to

show the influence of spring rate on Cy and Q. A third bellows family
had constant t and O values, but varying h values. The fourth family
had the same values of h and t but differing 0 values.

Each of these bellows was prepared for testing by instrumenting with
convolute tip strain gages to allow monitoring of flow-induced strain. Each
was next subjected to a force-strain and force-deflection test to establish
actual overall spring rate, and the displacement-strain calibration. Table IX
gives the overall spring rate and displacement-strain calibration for the
three inch test bellows.

Following the above initial preparation, each bellows was flow tested
in water at three different pitch conditions which were created by the
stretch-compression technique. Each test consisted of a slow flow sweep,
with the strain level monitored on an X-Y plotter displaying strain versus
flow velocity. From each test strain-velocity plot, the peak flow-induced
strain for each vibration mode was noted and recorded. These results are
summarized in Table X.

Complimenting the above work, similar flow tests were performed on
the 6 inch and 14 inch bellows. Each of these items was instrumented with
a strain gage and calibrated as discussed above. The flow test results
are given in Table XI.

A preliminary data reduction was performed for each set of test
data presented in Tables X and XI. This data reduction scheme involved
first calculating the experimental value of the product CF Q using the
equation

k
dx A
C_Q=2S5 -2
F ds P
p Ap d
where
Sp = observed flow-induced strain (zero-peak value)
dx _ .
T = overall bellows spring rate
Ap =  projected convolute height
P =  dynamic fluid pressure (1/2 pVZ)



TABLE IX.
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THREE INCH BELLOWS MECHANIC ALL. PROPERTY DATA

BELLOWS

NUMBER

0 ~3J O~ Ut b W NI

SPRING RATE
Ka - lbs / in

STRAIN DEFLECTION
ds/dx - min/inz

67.5
380
898
105
108
83.1
262
252
343
47.6
30.8
21.4
49.0
48. 4
32.7
91.5

7,230
11,000
2,220
9,200
6,090
4,620
6,730
7,500
7,600
3,830
3,250
2,740
3,510
3, 100
3,120
4,330
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The resultant experimental values of C Q are given in Tables X and XI.

Part of the original data reduction process consisted of utilizing the
original Q model given in Figure 14 to then reduce the data to a final
experimental C_ for each test bellows. The results of this initial data
reduction scheme were disappointing since the C_ values thus obtained
showed poor agreement with the initial model presented in Reference 1,
and in Figure 15. The problem with this initial data reduction reduced to
one of an improper damping model as reflected in Figure 14,

A closer examination of the above difficulty led to the following
conclusions:

(1) The vortex force coefficient model presented in Figure 15
is generally valid but some bellows do not display as great
an increase in Cp for A/o = 2,2 as indicated in that figure.

(2) The bellows damping increases as the space between
convolutes is decreased, hence the Q value is reduced as
A/o is reduced.

(3) The bellows damping is more strongly a function of bellows
spring rate than is reflected in the original damping model
given in Figure 14 and Table II.

(4) The bellows damping is a function of mode number, reflecting
the effect of frequency.

Based on the above, a new model of the damping, or Q value, was
clearly necessary. Various correlations of the data were investigated,
based on simple models of the bellows damping, until a valid model was
found. In the final form it has been found convenient to not separate the
quantity C_ Q into the two individual components, but rather to have a
single model for the product quantity.

The final model is based on a nondimensional equation relating con-
volute displacement to geometric, flow and dynamic parameters, or

2
CFQ Ap(l/ZpV ) (h)

X
o] D N 0o N (SSR) 5
m p

The model equation above has been used as a basis for correlating the product



C. Q with known geometric or flow parameters. In this correlation, Crp Q
has been plotted versus the quantity

1 2
('Z’OV)Ap (h)
NK N o© £y
A ¢

The final correlation was shown in Figure 18, and is seen to depend on
the mode number relation to the number of convolutes.

This model, giving the product of C Q, is more accurate than
the previous model which gives Cp and Q separately. The new model
is somewhat more difficult to use, however. The old model gives the
most conservative values of Stress Indicator (highest values) for a given
bellows. Therefore, it may indicate a borderline failure situation which
the improved Cg Q model will show to be safe. The user is warned to
perform flow verification of those bellows which are predicted to be
borderline cases,

III.6  Fatigue Studies

The Stress Indicator versus cycles-to-failure correlation discussed
in Section II. 5 was initially developed in the early part of 1969. The
original correlation was based on limited test results, but showed promise
of being a simple and direct approach to bellows design for prevention of
flow excitation failures. To validate this approach for a typical range
of bellows flow conditions and geometries, a large number of specimens
were studied and flow tested to failure. Table XII gives the dimensional
data on the bellows which were ''fatigue'’ tested.

Bellows of the three different inside diameters and convolute geome-
tries indicated in Table XII were instrumented, bench tested, and flow
tested. Flow tests included determination of response as well as fatigue
life.

Instrumentation and Bench Tests

Strain gages were mounted on each bellows to measure strain on
the outside surface of a convolute crown in the axial direction. The gages
were standard, constantan, foil type construction. Grid sizes were 1/32"
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or 1/16'" depending on the bellows size. No attempt was made to temperature

compensate the gages since the strain to be measured was dynamic or short
term static in nature. The gages were bonded with Eastman 910 or epoxy
and coated with a commercial strain gage sealer after the lead wires had
been soldered in place. The photographs in Figure 44 show a typical gage
installation.
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Bench tests were performed to determine load versus deflection
and deflection versus strain. The results of these tests are shown in
Figures 45 through 51. This was done by loading the bellows in com-
pression with calibration weights while measuring the deflection with a
dial indicator and the strain with a Budd static strain indicator.

Flow Response and Fatigue

For the flow tests, the bellows were held in the flow loop with a
fixture which was very rigid in comparison with the stiffness of the bellows
itself. Figure 52 shows a typical installation. The flow media in all
cases was water. At least one example of each bellows configuration was
tested to determine mode shapes, mode frequencies, and dynamic strain
levels throughout the range of fluid velocities. The mean fluid velocity
was recorded at the peak of each mode. Figures 53 through 57 show results
of these tests.

After the tests described above had been performed for one repre-
sentative bellows, all the bellows of the same geometric configuration
were fatigue tested. The fatigue tests were carried out in increments
of 107 strain cycles or more at a given strain level. Usually the first
step was carried out at a strain level below the endurance limit, and sub-
sequent steps were carried out at higher levels until failure occurred.

In some cases the first step was begun above the endurance limit, and the
bellows were broken in less than 10’ total accumulated strain cycles.
Dynamic strain level, strain frequency, flow rate, and test time were
recorded for each step.

In order to minimize the effect of static strain upon the fatigue life,
the bellows were mounted in the test section at their natural manufactured
lengths; and the flow system static pressure was held to the minimum
required to prevent cavitation inside the bellows. However, the strain due
to the system static pressure was checked and found to be negligible when
analyzed according to the modified Goodman law.

Following all flow tests, the results were reduced to the form of

calculated Stress Indicator versus cycles-to-failure data points for each

distinct bellows. These data points were then plotted in a log-log form,
as was the preliminary data shown in Figure 17. Figure 58 shows the
final results in comparison with the Safe Operating and High Failure Pro-
bability limits which were shown in Figure 17. It may readily be noted
from the results shown in Figure 58 that the most recent failure data,
which covers a wide range of bellows sizes and geometries, verifies

the original Safe Operating limit.
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Section II discusses the use of the failure data for design and
analysis purposes.

I11.7 Other Influences

In practice, it has been found that seve ral factors, in addition to
those already discussed, can have an influence on the magnitude and
character of bellows flow-induced vibrations; these factors are, (a) pre-
sence of an upstream elbow, (b) angulation of the bellows, (c)} non-
rigidly attached piping, and (d) acoustic resonances of the duct system.
The first three influences are discussed briefly in this section and the
subject of '"acoustic resonance effect' is treated in a subsequent section.

Upstream Elbow Effect

Because it had been observed that some bellows installed immediately
downstream of a duct bend were seemingly more susceptible to flow-induced
failure problems than those in straight sections, a small investigation was
undertaken to study this. One of the calibrated test bellows was placed in
the flow system, and located immediately downstream of a short-radius
90-degree elbow. Flow-induced strain amplitudes were than monitored
as a function of the mean internal fluid velocity. The test was repeated
with the same bellows in a straight run with all other conditions kept the same.

Figure 59 shows the results of these tests. Notice that two things
have changed about the response of the bellows with the elbow present,
compared with the response with no elbow. First, the mean fluid velocity
range over which flow excitation occurs has been shifted down by about
45 percent. Second, note that the strain level for a given mode of vibration
has significantly increased, or that the strain amplitude at a given fluid
velocity has increased.

The explanation for the difference in bellows vibration with, versus
without, an upstream elbow is that the velocity profile is skewed or dis-
torted because of the presence of the elbow (see Figure 59). This causes
an excessive dynamic fluid loading on the convolutions downstream of the
outer bend region and possibly a reduced loading downstream of the inner
region; the net effect is an increased effective value of the fluid velocity
along the surface of the bellows, causing the vortex shedding to lock-in
on the bellows vibration at a lower-than-normal mean fluid velocity.

While further tests must be performed to better quantify the
influence of an upstream elbow on bellows vibration levels, we can say
for the present that an increase in stress level by a factor of about 2 is
possible for a given mean velocity. Elbows with more generous radii
of curvature, or located further upstream, would most likely not cause
this great an increase in flow-induced stress levels.
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Non-Rigid Ducting

As might be expected, if the ducting attached to the ends of a
bellows is not rigid then the character of the flow-induced vibration can
be changed compared with the ideal case of perfectly rigid attachments.
There are apparently two ways that the bellows vibrations can be affected;
first, the modal frequencies can be changed (generally lowered), and
second, additional damping can be ''added'' or energy dissipated through
the attachments.

For most cases, the modal frequencies of a bellows will not be
significantly changed because of flexible attachments. The reason for
this is that the bellows is generally so much more flexible than the
attached ducting, particularly in the longitudinal or axial direction.
Apparently, however, significant damping can be introduced by allowing
duct flexibility as evidenced by some of our experimental observations.
While we can't at this time report any quantitative results, the reader
should take note of these observations. Whenever a bellows is undergoing
a qualification test, our observations indicate that particular care should
be exercised so that the bellows attachments are at least as rigid as in
the actual installation. This should help ensure that the flow-induced
vibration levels attained in the qualification test are at least as great
as the actual installation.

Angulation of Bellows

At the present time, we have no quantitative information to report
concerning the effect of angulation on bellows flow-induced vibrations.
It would seem, based on the results of the upstream elbow tests discussed
above, that angulation might lead to an increase in vibration levels because
of the excess fluid loading on the outer bend region. Also, however,
angulating a bellows might cause a change in the mode frequencies and
damping. At this time, effect of angulation must be considered unknown
and we caution the reader to be conservative in dealing with this situation.
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IV. BELLOWS FLOW-INDUCED VIBRATIONS WITH
CRYOGENIC FLUIDS

Iv.1 Introduction

Heat transfer effects as well as vortex, acoustic, geometric and
cavitation influences must sometimes be considered in obtaining an under-
standing of the flow-induced vibrations in flexible metal bellows. The
consequences of heat transfer in the case of cryogenic flow in bellows are
of particular interest since large temperature differences exist between
the flowing liquid and the bellows environment which could lead to a phase
change near the inside bellows wall. Vapor formation will result in a
"killing off'' of the vortex shedding, and a change in the bellows flow response.
Even low rates of heat transfer, which do not produce large scale boiling,
may raise the vapor pressure near the wall so cavitation can occur and
suppress the flow induced vibration. In addition to vapor effects on the flow
induced vibration, frost buildup and liquid condensation on the outside
bellows surface will affect the heating rate and add damping to the bellows
structure, thus influencing its operating characteristics. Another question
regarding bellows operation is the change in the bellows characteristics
at extremely low temperatures in contrast to conditions tested in air and
water at near ambient conditions. Once the bellows response to heat trans-
fer is established, a more realistic evaluation of bellows performation in
the field will be available in order to establish failure criteria under operating
conditions.

The objective of the work reported in this section was to perform a
theoretical and experimental study of heat transfer with respect to its
effect on the flow-induced response of bellows when gas is formed in the
convolutes and/or frost or liquid accumulates on the bellows exterior.

The following questions are typical of those discussed in this section:

(a) How does bellows response in liquid nitrogen (LNZ)
compare to test results for water and air?

(b) In practical situations, can heat transfer change the
physical properties of the fluid in the bellows convolu-
tions sufficiently to influence the vortex excitation
phenomena ?

(c) If heat transfer does have an effect under certain
conditions, can these conditions be predicted and how
do they relate to the physical properties of the cryogenic
liquid ?
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(d) What effect does the external buildup of ice, slush and
liquid have on the problem?

(e) What influence do changes in convolution geometry have
on a possible heat transfer effect?

(f) What is the most realistic, and/or severe, method of
testing a bellows to account for possible heat transfer
and external damping effects; that is, what test procedure
will most likely show failure-prone bellows?

The results presented in this section were initially reported in
Reference 2 as Interim Report No. 2 for the contract.
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IV.2 Experimental Facility

Cryogenic Flow Loop

A special cryogenic flow loop was designed and fabricated for
the purposes of this study. The loop is shown in Figures 60and 6lbefore
and after the insulation was installed. The pump is a standard centrifugal
cryogenic unit, designed for liquid oxygen service, which was converted
from electric motor drive to a hydraulic motor drive to provide a variable
speed capability. The pump rating is 600 GPM at 110 {t total head when
pumping liquid oxygen. The flow rate is measured with a turbine type
flow meter which was calibrated in place with a pitot tube using water as
the flow medium.

The flow loop has a total capacity of approximately 90 gallons.
The system is filled from a 1500-gallon dewar which is installed adjacent
to the laboratory. Any liquid remaining in the loop after completion of a
test can be pumped back into the dewar.

Insulation of the loop consists of 2-inch thick styrofoam panels
built into a box-like enclosure. A small amount of boiloff gas from the
loop is vented into the enclosure to prevent any possible dangerous buildup
of oxygen. The insulation is quite adequate for the short term tests such
as those performed in this program. Liquid loss resulting from heat
transfer was small compared to pumping loss. The styrofoam panels
are easily removed when necessary for repair or modification of the loop.

The test section of the loop can be isolated by closing the upstream
and downstream valves. The test piece can then be replaced without drain-
ing the system. The downstream valve can also be used to increase the back
pressure in the test section during flow tests. System pressure can be
controlled by manually venting gas or by setting an automatic relief valve.

Instrumentation

All bellows installed in the cryogenic flow loop described above were
instrumented as illustrated in the schematic drawing shown in Figure 62.
Four copper-constantane thermocouples were provided in order to monitor
(1) the upstream fluid temperature, {2) downstream fluid temperature,

(3) the bellows metal or skin temperature, and (4) the surrounding tempera-
ture of the environment in which the bellows were placed. All of these
thermocouples were referenced to -320°F (boiling point of liquid nitrogen
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FIGURE 60. CRYOGENIC FLOW LOOP WITHOUT INSULATION
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Figure 62. Instrumentation Schematic



118

at standard conditions) in order to provide accurate results. A digital
voltmeter was employed in conjunction with the thermocouples, and the
accuracy was established to be + 0.5 degrees F.

Bellows pressure was measured with a bourdon pressure gage,
while the pressure drop across the bellows was measured with a mercury
manometer. The static pressure of the system was measured with the
same bourdon gage when the flow velocity was zero, and is referred to in
the report as Py (tank pressure or static system pressure). The downstream
valve shown in Figure 62 was used to create the back pressure (PB-PT)
required to excite the bellows vibration.

Dynamic strain was monitored through the use of 1/32-inch gages
mounted on the first convolution tip of each bellows. Since the strain fre-
quencies were expected to be relatively high, ordinary constantane foil type
gages were used without temperature compensation. These gages are less
expensive than those produced specifically for use at cryogenic temperatures,
and they can readily be obtained in configurations which are convenient for
bellows applications.

The fact that the apparent strain curve for constantare has a very
large slope at cryogenic temperatures is of little consequence since the
strain readout equipment was AC coupled, and the temperature changes were
slow compared to the strain frequency.

The strain gages were installed with a 100% solids epoxy adhesive.
Bellows surface preparation consisted of light sandblasting and application
of a degreaser. The gages were positioned by the holding-tape technique,
and the adhesive was cured under a light clamping force. Following strain
gage installation, each bellows was tested to obtain static force-deflection
and strain-deflection curves. This provided experimental spring rate values
which allowed more accurate mode frequency calculations. The force-
deflection and strain-deflection data for the six bellows tested in the cryo-
genic flow facility are shown in Figures 63 and 64.

At the cryogenic temperatures, considerable 'zero drift'" occurred
with the strain gages, and the question was raised as to the reliability of
the strain gage readings at these extreme temperatures under a dynamic
situation. According to the manufacturers' specifications, the gage factor
would change only 4% at these temperatures. As a check, one of the bellows
was mounted on a mechanical shaker with one end fixed rigidly and the other
free to move with the shaker (Figure 65). A dial deflection gage was used
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to measure the movement of the free end while the shaker vibrated at a

low frequency to simulate a dynamic loading on the bellows. This test

was conducted with the bellows at room temperature, and again at -320°F
by filling the bellows with boiling liquid nitrogen. The strain-deflection
data for both temperatures is shown in Figure 66. The change in slope
represents a change in gage factor of 4.5% at the cryogenic temperature
which is very near the manufacturers specifications, therefore the dynamic
strain data was verified for the low temperature conditions encountered in
the tests.

The strain gage readout circuit consisted of a standard DC powered
bridge which was AC coupled to an audio-frequency amplifier. The strain
signal was displayed on an oscilloscope, and also plotted as a function of
fluid velocity on an X-Y recorder. The DC equivalent of peak-to-peak
strain was recorded as the ordinate, and the fluid velocity was recorded as
the abscissa. A DC signal directly proportional to fluid velocity was
obtained by connecting the turbine meter output to a frequency-DC converter.
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IV.3 Experimental Results

Introduction

The cryogenic flow loop described in the previous section was
utilized to study bellows flow excitation for a number of fluid and sur-
rounding conditions. Initially, a number of exploratory tests were con-
ducted simply to get a feel for the overall problem. Following this,
detailed tests of various kinds were conducted. To obtain a comparison
of bellows response with LN, versus water, a series of tests were con-
ducted with identical bellows using both mediums, but with heat transfer
effects maintained at a minimum. Heat transfer effects with LN, were
then studied by controlling the bellows environmental conditions (tempera-
ture, frost buildup and convection rate) and recording the strain levels at
different flow rates and pressures. Finally, pressure drop data was
obtained under varying heating rates and operating conditions to yield
additional information on bellows operating characteristics. The results
of these tests are discussed in the following sections.

Description of Test Bellows

Throughout this study, six different test bellows were employed.
Dimensional data for these bellows is given in Table XIII.

Bellows #1, #2, and #6 have basically the same convolute geometry,
except the pitch has been varied from the original configuration (#6) by
stretching in one case (#1) and compressing in the other case (#2). Similarly,
Lellows #3, #4, and #5 have essentially the same geometry except for the
pitch and were derived by the stretch and compression technique.

Initial Test Results and Effect of Back Pressure

When the testing of bellows with liquid nitrogen was first begun, it
was observed that no matter what tank or system pressure the flow loop
was operated at, the bellows would not vibrate except at the higher velocities,
where low-level vibration of the higher frequency modes occurred. It was
assumed that since the liquid nitrogen was so near the liquid-vapor line, a
very small reduction in pressure, or increase in temperature, would cause
cavitation, and hence, reduce or kill the vortex shedding excitation mechanism.
(This assumption was later proved to be correct and is discussed in greater



Table XIII

Dimensional Data

Bellows #1 (Long 2.22) Bellows #2 (Short 2.22)
1.D.=1.49 h=.312 I.D. = 1.49 h =.36
O0.D. =2.22 )\ = .345 O.D. =2.22 N =.187
Dm =1.8 o0 =.125 Dm =1.85 o =.125
N¢ =7 t =.013 N, =7 t = .013
Np =1 LL=2.75 Np =1 LL.=1.5
Bellows #3 (2.02 Nom) Bellows #4 (Long 2.02)
I.D. =1.46 h =.27 1.D. =1.46 h =.25
0.D.=2.02 A= .22 O0.D. =2.02 N = .282
Dm =1.74 o = .l44 Dm =1.74 o =.144
N. =8 t =.013 N, =8 t =.013
N =1 LI, =1.52 N =1 LL =1.95
P P
Bellows #5 (2.02 short) Bellows #6 (2.22 N)
I.D. =1.46 h = .28 I.D. =1.49 h = .345
O0.D. =2.02 X =.156 O0.D. =2.22 A =.250
Dm =-1.74 o =.125 Dm =1.85 c =.125
NC =8 t = .013 N¢ =7 t = .013
N =1 LIL.=1.25 N =1 LL =2.0
P P

1D = internal diameter

oD = outside diameter

Drn = mean diameter

N¢ = number of convolutes

N = number of plys

hp = convolute height

A = convolute pitch

o = convolute tip width (internal)

t = ply thickness

LL = live length
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detail in a later section of this report.) The first attempt to correct this
condition and produce stronger flow excitation was to close a valve on

the tank and let the pressure of the system build up. However, it soon
became obvious that this was simply moving the fluid state to a point further
along the liquid-vapor line, since the temperature was also increasing with
the pressure (along the equilibrium or liquid vapor line). In order to
increase the pressure at the bellows, and hopefully induce vibrations of

the lower modes, a valve was installed into the loop (Figure 63 downstream
of the bellows. This valve was used to restrict the flow and cause an
increase in pressure in the bellows greater than the system pressure.

This allowed an increase in pressure and only slight, if any, temperature
increase in the bellows or test section. Therefore, the state of the fluid

in the bellows could be arbitrarily adjusted away from the liquid-vapor line.

By closing the downstream valve in increments, successive increases
in the bellows pressure was produced. The effect of increasing this back
pressure can be seen in Figures 67 through 72which present the maximum
strain level recorded versus the bellows pressure at various values of the
tank system pressure (PT) for the six test items. In all cases it can be
seen that the strain increases with increasing back pressure (Pp-P) up
to a maximum where it levels off and becomes invariant with further increases
in bellows pressure. More information of this phenomena is provided in
a later section where the effects of heat transfer into the bellows is discussed.

Comparison of Liquid Nitrogen to Water

To provide a direct comparison of flow induced vibration phenomena
with LN, and water, a series of tests were conducted in which heat transfer
effects were minimized as much as was practical. The resultant data
should, therefore, reflect basically any possible difference in the vibrations
because of differences in the two flow media or because of bellows material
property changes with temperature. To reveal possible geometry effects,
all six test bellows were used for this series of tests.

Flow-induced vibration test results for the six bellows, with both
water and LN, flows, are given in Figures 73 through 78. In all cases
the data shown is for the first or lowest frequency longitudinal mode. In
obtaining the LN, data, each bellows was run with a back pressure sufficient
to minimize possible cavitation suppression of the vortex shedding. Also
the bellows exterior was subjected to a cold GN; purge to prevent frost or
liquid condensation which might cause unwanted external damping.

The test data presented in Figures 73, 74and 75 show excellent
agreement of the peak flow-induced strain levels for the two test liquids.
In each case, the maximum strain is greater for water flow than for the
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LN, flow. This is to be expected since the LN2 was less dense than the
water, hence the vortex shedding excitation force, which is proportional
to 1/2p VZ, was less. The results given in Figures 73, 74 and 75 were
for one series of bellows having essentially the same convolute geometry,
except for the pitch.

Figures 76, 77and 78 show a comparison of flow-induced vibration
data for the second series of bellows with similar convolute geometry,
except for pitch. This data does not show as good a correlation of the LN,
and water results as did the results for the first bellows series (Figures
73, 74 and 75). The primary disagreement is in the velocity at which the
peak strain occurs, since the LN, results peak at a velocity which is about
10 percent higher than the peak for the water data. Still, the agreement
is good enough that we can conclude there are no major discrepancies
between flow-induced vibration results for water and LN,, if no cavitation
suppression occurs and no external damping media is allowed to form.

Based on these results, we conclude that the theory presented in Sec-
tions II and III is valid for cryogenic fluids, as well as water, except for the
limitations noted above which reduce the dynamic strain levels, hence are
suppression effects. The remainder of this section is devoted to further
discussion of results of studies of the suppression effects.

Bellows Response With Heat Transfer

Initial studies with a two-dimensional clear plastic flow channel
and bellows segment revealed that the vortex shedding phenomena
responsible for bellows flow induced vibrations could be completely sup-
pressed by vapor addition in the convolute sections. This suppression
was accomplished by passing water through the channel at the proper
velocity for vibration and then blowing small air bubbles into the convolutes.
The vortex shedding and bellows vibration was easily observed by injecting
ink upstream of the convoluted segment, and viewing the shedding with a
strobe light set near the shedding frequency. Once this condition was
established, air bubbles injected into the convolutes completely killed off
the shedding process and the convolute vibrations ceased. This observa-
tion led to the conclusion that if vapor, created by either cavitation, heat
transfer, or a combined cavitation/heat transfer effect, was formed in a
bellows flowing a liquid, then the flow induced response could be altered.



PEAK STRAIN - uin./in.

800

700

600

500

400

300

137

<00 —O— WATER, f ~ 860 Hz
—0— LN,, f =920 Hz
100 gP FIRST MODE, PT = 20 psig B
04 JC#) 0 ' f l
0 20 24 28 32 36 40
VELOCITY - ft/sec 2911

Figure 76. Comparison Of Flow-Induced Vibration With Water
And LN,, Bellows #4



138

PEAK STRAIN - pin./in.

350

300

250

200

150

100

50

0

/L

|

I I

—O— WATER, f = 778 Hz
—O— LN,, = 840Hz, Pg = 24 psig

FIRST MODE, Py = 20 psig

| ]

0 16

18

20 22
VELOCITY - ft/sec

26

2312

Figure 77. Comparison Of Flow-Induced Vibration With Water

And LN,, Bellows #3



PEAK STRAIN - pin./in.

350

300

250

200

150

100

50

139

I | | ! 1

—O— WATER, f =715 Hz
—O— N, f ~ 800 Hz

FIRST MODE, Py = 10 psig

J | |

4 8 12 16 20
VELOCITY - ft/sec

Figure 78. Comparison Of Flow-Induced Vibration With Water
And LN,, Bellows #5

24

2913



140

To provide initial quantitative information of the effects of heat
addition during operation of flow excited bellows, a duct was designed to
surround the bellows completely so that hot air could be passed over the
convolutes. A thermocouple was located at both the entrance and exit of
this duct so that the change in air temperature could be recorded as it
passed over the cold bellows containing flowing LN,. From thermodynamics,
the heat added or removed per-unit mass of a gas at constant pressure is
given by

dT (22)

where c_ is the specific heat at constant pressure of gas (air). For a
flowing gas losing heat between arbitrary points 1 and 2, Equation (22)
becomes

Q"= W ey (T, - Ty (23)

where w is the weight flow per unit time. This expression represents

the heat input per unit time into the bellows section. In the experiment,
the heating air weight flow, w, was produced by a blower with a 20 amp
heating element located at the entrance of the duct, and was calibrated by
measuring the velocity and, hence, mass flow at the duct entrance. Sincc
some of the heat was lost into the duct itself and not all absorbed by the
bellows, a calibration of heat (Qg) lost to the duct alone was also made.
This value was always subtracted from the total heat lost per unit time, Q
tg,obtain the actual heat per unit time added to the bellows section alone,

QB: or
Qp = QT - étiuct (24)

With the flow loop operating at a velocity which produced maximum
excitation of the first mode of the bellows, the heating rate was increased
with time, and the resulting strain or stress amplitude was recorded.
Typical results are shown in Figure 79, and these results indicate that
increasing the heating rate produced a corresponding decrease in strain
until a point was reached where the vibration was completely suppressed.
Therefore, it was concluded that heat transfer did affect bellows response
in a manner similar to vapor addition in the two dimensional visualization

flow channel.

Bellows usually operate under conditions of approximately steady
state heat transfer, therefore the results in Figure 79 for transient heating
are not typical of bellows environmental conditions but do indicate the pos-
sible effects from heat transfer. Since vapor formation in the bellows
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convolutes will be affected by operating pressure, (compare the results
for Pg = 7.5 versus 4.5 in Figure 79) a test was conducted to determine
the effect of bellows pressure on strain response with constant heat

input. To produce these conditions, a bellows with flow excitation of

its first mode was surrounded with cold GN, to maintain constant heat
transfer, and the operating pressure was varied from 0 to 25 psig.

Figure 80 shows the test results. This data is similar to that shown in
Figures 67 to 72 for various bellows geometries. The strain response
versus operating pressure shown in Figure 80 indicates that there is some
minimum pressure at which the bellows will vibrate and produce maximum
flow-induced strain. This pressure is indicated as Pp, ., in Figure 80
and is, then, the lowest operating pressure at which maximum strain will
occur. As the pressure is decreased below Py, ., the strain amplitude
decreases rapidly until zero strain is recorded at Pp,,in, the highest
operating pressure for no flow-induced vibration. Below Pp., i, N0 con-
dition of flow excitation is observed. Therefore, under conditions of
constant heat transfer there is a minimum operating pressure which will
allow flow excitation to occur and produce vibrational strains in the bellows

structure.

To better define the effects of heat transfer on PBma.x and mein’
additional experimental results were obtained at different levels of heating.
Four conditions of heating were obtained by producing four levels of environ-
mental temperatures, in the following ways:

(a) Surrounding the bellows with cold Ny gas, Tg = -200°F

(b) Surrounding the bellows with cold N, gas-air, T = -145°F
(c) Surrounding the bellows with air, Tg = 45°F

(d) Surrounding the bellows with heated air, Tg = 285°F

For each of the four conditions of T, the bellows was operated at
flow velocities corresponding to peak excitation of the first vibrational mode,
and strain data was obtained over a range of operating pressures. The
free stream temperature was -320°F (saturation temperature at 1 ATM in
LN;) for each heating level, and no frost was allowed to build up on the
bellows external surface. At each test condition thermocouples recorded
environment, skin and stream temperature. The results in Figure 81
show that as additional heat is added to the bellows, i.e., increasing Tos
the values of Ppy.5, and Py . are also increased. The same trend with
increasing T4 is also shown in Figure 82 for a condition where the environ-
mental temperature was held constant, and four levels of stream temperature
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were used. The stream temperatures were increased by allowing the
static LN, tank pressure to increase, which raised the system LN,
temperature before it flowed through the bellows. The higher stream
temperatures resulted in higher operating pressures required to insure
peak strain.

The results in Figure 82 indicate that increased levels of heat
transfer result in vapor formation at the low-operating pressures, hence
producing a damping or complete suppression of the flow excitation.
Increasing the operating pressure to Ppyay Will cause a recovery of
the flow induced dynamic strain. The effect of an increased heat transfer
rate is a corresponding shift of Py, oFf PRmin With increasing stream
temperature. Thus operating pressure must be increased to suppress
vapor formation and maintain peak strain if

(a) The liquid is flowing at a given stream temperature and
additional heat is transferred through the bellows wall
raising the inside wall temperature and causing vapor
formation in the convolutes, or

(b) The liquid stream temperature is increased by some
change in operating conditions upstream of the bellows.

The bellows flow velocity required to produce peak flow-induced
strain remained unchanged with changing heat transfer rates. The results
in Figure 83 reveal this fact for the first mode frequency, which shows
the peak excitation resulted at approximately 21 fps for all four environ-
mental temperatures. An investigation of the theoretical bellows frequency
change with large temperature changes supports the experimental results,
showing no frequency shift should occur with different levels of bellows

temperature. That is, the bello/ws frequency is given by
1/2

fo = ;._-rr (%) (25)

where k is the bellows spring rate and m an elemental model mass composed
of fluid and metal contributing terms. Large changes in temperatures will
affect the spring rate k because of changes in Young's modulus, and will
affect the model mass by changing the fluid mass from a liquid to a gas.
However, these effects on the natural frequency are negligible, as the fre-
quency decreases only 3 percent for changes in Young's modulus for stainless
steel over a temperature range from -300°F to 100°F, while mass changes
produced by the liquid vaporizing creates a frequency increase of 5 percent.
The combined effect of both a change in Young's modulus and the model mass
is a 2 percent increase in the bellows frequency for the 400°F temperature
change. This change is considered insignificant since peak strain occurs
over a band of frequencies larger than + 2 percent of the mean.
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Pressure Drop Data

The pressure drop across the bellows was recorded during tests
to establish heat transfer effects with LN,. The results of the pressure
drop versus operating pressure are presented in Figure 84 for the case of
Ty = -200°F. Results at the other test environmental conditions indicate
the same trend in pressure drop across the bellows. The results in
Figure 84 show that below P min 28 increase in pressure causes a decrease
in pressure drop resulting from a reduction in the vapor formation in the
flowing LN,. Near Pp,, i, additional increases in pressure cause enough
suppression of the vapor phase so that vortex shedding begins to occur,
and this causes disturbances in the flow and an increase in the pressure
drop. Increasing pressure from Pp,,i, to Pg, .. creates an increase
in the pressure drop as the vibrational amplitudes build to a maximum.
Increasing the pressure above Py, ., results in decreasing the pressure
drop since vibrational effects remain constant but the flow media progressing
further into the liquid phase. Although results were not obtained at pres-
sures higher than 20 psig, it is expected that the pressure drop would level
off at the higher pressures and remain at a constant value.

The pressure drop data presented here indicates that bellows heatin.
will not only create a change in the vibrational characteristics of bellows
but will alsc alter their pressure drop characteristics.
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IV.4 Heat Transfer Analysis

Introduction

The experimental results presented in the preceding section indicate
that heat transfer to a flowing cryogen through a bellows wall can change the
flow-induced response of the bellows by altering the vortex shedding phenom-
ena. A concept of how this likely occurs is illustrated in Figure 85. For
a condition of no heat transfer, the vortex shedding phenomena will behave
as illustrated in Figure 85 . 1f, however, the fluid is heated somewhat,
and the internal pressure is low enough, then cavitation in the vortex forma-
tion and shedding region can occur, and this will tend to reduce the vortex
force; see Figure 85 . For even greater heating inputs, local boiling can
occur in the convolutes as well, as shown in Figure 85 , this likely corres-
ponds to a condition of complete suppression of the vortex shedding phenomena.

In order to gain a better understanding of the heat transfer effects,
and to obtain a method for predicting the operating conditions at which the
bellows response characteristics are altered, a heat transfer model has
been developed. The model may be used to predict temperature distribu-
tions across the bellows between the environment and the flowing medium.

A knowledge of this distribution, combined with a defining cavitation numbe.,
allows the operating pressures at the initial points of maximum and minimum
dynamic strain to be correlated and predicted. The effect of frost formaticn
on these pressures is also obtained, and a limiting frost thickness is deter-
mined for different environmental conditions.

Heat Transfer Model Development

Geometry

The bellows geometry, Figure 86, for purposes of setting up a heat
transfer model, was assumed to be a thin walled cylinder of radius, r,,,
equal to the mean radius of the bellows and of length £ corresponding to
the actual expanded length along the convoluted surface. This length is given
in terms of the bellows geometric parameters as

t = 2N (EPE‘PJ_) +(2NC -1) v, (26)

and the corresponding wall area is

Ay = 21'rrm£
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Heat Transfer

The heat transfer was assumed to be one-dimensional steady-state
conduction and convection in the radial direction of the thin-walled cylinder,

with no conduction along its length.

The heat transferred between the bellows environment, at temperature
T, and the flowing liquid at T is given by

% TO'TS

Q= Typ (27)

where

which is the total resistance to heat transfer caused by the thermal potential,
Tg-Tg. The resistances are defined as follows:

1
s Awo bo (28)

which is the convection resistance between the environment and the outside
surface (frost or wall).

o, tte oty )
Rz = [,Lv\,( rm T tw )} (217[ K¢ ) (29)

is the conduction resistance of the frost at thickness t; and having a thermal

conductivity Kf;
'm + tW ( 1
R3 = /Ln( = 27l Ky (30)

is the conduction resistance of the wall at thickness to and with thermal

conductivity K,

and

1
Re = hiagi (31)

is the convection resistance between the inside wall and the free stream.
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In order to utilize these equations to obtain heating rates and

temperatures, a knowledge of the inside and outside convection coef-
ficients, h; and h., must be known as well as the bellows geometry,
and thermal conductivity, Ky,, and the frost conditions, ty and K4- The

most difficult parameter to estimate is the inside heat transfer coefficient,
h;, which depends on the state of the LN, in the convolutes. That is, can

the heat transfer between the inside wall and the stream be described as
(a) Forced convection with minimum boiling (T,; - Tg <59)
(b)  Forced nucleate boiling (5° <T,;-T4 <20°)
(c) Forced unstable film boiling (20 < T,;-Tg <60°)), or
(d) Forced film boiling (Twi'Ts >60°) 2

The temperature ranges given above are for pool (static fluid)
boiling, but a review of experimental data of forced flow boiling heat
transfer to cryogenic fluids indicates that these ranges are approximately
correct for forced flow boiling also. While a tremendous amount of work
has been done on pool boiling of liquids, few correlations exist for forced
flow boiling heat transfer. Some experimental work and a few analytical
studies are available as a guide.

If Case (a) represents the heat transfer in the convolutes then the
work of Nunner (14) can be used to estimate h;, thus

Nug  0.0384 (Reg) /4
RegPrl 144 (Reg) 8 (2,1 -1) 2
where
Pl =P, (#/1,) (33)

a=1.5 @) e

and the bellows friction factor, fjk and that for a smooth pipe, fy are

0’
determined for the bellows Reynolds number, Rey.

If Case (b) is valid where nucleate boiling dominates, then from
Reference 15, h; is given by

1/3 1/6
Cp(Twi 'Ts) hi(Twi 'Ts) T 1.7

= a e e— - ——————— pr

hg iy beg glog -py)

(34)

where 0.0022 <a < 0.015,



For Case (c) Bromley (16)estimated h; by

1 1/2
. - Vo Ko M
Lo Dy (Twi - Tg) (35)
where
)\1_ 0°4(Tw -TS)Cm

{
=
Ve
—
+
on
(e

and C = 2.7 for forced flow over horizontal tubes.

Once the state of the fluid in the convolutes has been determined
then either Equation (32), (34) or (35) may be used in the analysis. If
unstable film boiling exists (20 < Tw-Ts < 60°F) no analytical method
is available, and an extrapolation between nucleate and film boiling must
be used.

The outside convection coefficient, h can be determined from

O'
correlations for the forced flow of air over cylinders, by
h, D VyirDo Y ™
o0 - C airr—o (36)
Kair Vair

where C and m are functions of Reynolds number, or from the literature
when natural convection is considered. Typical values of h, for natural
convection of air to cylinders range from 1 to 5 Btu/hr it OF,

Pressure at Peak and Zero Strain

With the heat transfer model in hand, the bellows inside wall
temperature can be determined by

Knowing T, an estimate of the bellows operating pressure at peak and
zero strain can be obtained from a set of cavitation numbers defined as

. Ppmax = Py @ Ty (Cavitation number at

m 9o peak strain) (38)
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P . -P_@T,..
_ —Bmin 4 w1 (Cavitation number at

900 zero strain) (39)

where P, at T; is the vapor pressure corresponding to the inside wall
temperature and q, is the dynamic stream pressure. The vapor pressure,
P,, is given by the relation (Reference 17)

Log g Py (ATM) = Aj +Ap/Ty; + A3 Ty + Ay Tyi
t Ag Twi3 + Ag Twi4 +Ag Twi5 (40)

where Ay = 5.27805(1071)

A, = 3.0507339(107%)

Az = 1.6441101{(1071)

Ay = 3.1389205(1073)

Ag = 2.9857103(10'5)

Ag = 1.4238458(10°7)

A, = 2.7375282(10710)

and T, in °K.
The cavitation numbers at peak and zero strain, together with the
inside wall temperature, LN, flow velocity and density, allow Ppmax and

mein to be calculated.

‘ To determin.e.mein and Ppi oy for a given bellows operating and
environmental condition:

(a) Calculate T, ; from heat transfer analysis.

(b) Determine Py at T,;

(c) Calculate PBmin from o, (determined experimentally)
(d) Calculate Py a5 from o, (determined experimentally)

The experimentally determined cavitation numbers are presented in the
next section.
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Results

Cavitation Numbers at Peak and Zero Strain

The model presented in the preceding section requires a knowledge
of the cavitation number in order that an estimate of the operating pressures
at peak and zero strain may be made. The experimental Py, .. and Pp,in
data presented in Figures 81 and 82, together with the heat transfer model
(which yields Py, at T,;) allowed o, and op, to be determined. To utilize
the heat transfer equations, the inside convection coefficient h; was deter-
mined from Equation (32), and the outside coefficient hy was assumed to be

4 Btu/hr ft% °F. Use of Equation (32) to determine h; was based on the fact
that experimental values of outside bellows skin temperature obtained in the

testing revealed that the wall temperature remained near the stream tempera-
ture. This indicates that the inside heat transfer is the result of forced con-
vection. A value of 4 Btu/hr ft2 OF was chosen for ho since the bellows
environment was calm, but bellows vibrations caused some agitation of the

air near the convolutes. Work on natural convection from vibrating wires (7)
indicates that the assumption of hy = 4 Btu/hr ft® OF is valid. Fluid and
thermal properties in Equation (32) were evaluated at the stream temperature.
Usually, an evaluation of properties is made at some stream temperature
between stream and wall values. This requires an accurate guess of T ean»
or use of an iteration procedure until the guessed and calculated values cor-
respond. Since wall and stream temperature values were within a few degrees,
using the stream temperature to determine h; should result in negligible error.

Vapor pressures corresponding to Ty, calculated from the model,

and combined with experimental values of P, and P were used to

ax Bmin
determine ¢, and oy, from Equations (38) and (39). The results are pre-
sented in Figure 87. The average cavitation number at initial maximum
strain (0, at Pp,ay) for the eight experimental conditions is 2.25. The
cavitation number at initial zero strain (0, at mein) is 0.4 for the eight
experimental conditions. These cavitation numbers are reasonable con-
sidering initial cavitation usually occurs when the cavitation number is
reduced to near one, and gross cavitation occurs between zero and one.
These results indicate that when operating conditions are such that the
cavitation number nears o0,, initial cavitation begins and vortex shedding
is damped; see Figure 85b. When o, is approached, vortex shedding is

completely suppressed; see Figure 85c.

Operating Pressures for Different Environmental Conditions

The cavitation numbers given in the previous section, together with
the heat transfer analysis have been used to predict Pp,.., and Pg,.i, under
more general conditions than those tested. The computations were made by
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a digital computer, since the equations are cumbersome and not conducive
to hand calculations.. A listing of the program is provided in the Appendix.
The computation proceeds as follows:

(a)

(b)

(c)

(d)

(h)

(1)

Bellows geometry and LN, flow velocity and temperature
are introduced into the program.

Equation (32) is used to determine h; with LN, properties
evaluated at Tg.

Environmental temperature T, outside convective
coefficient hy and frost thickness ty were allowed to
vary.

Frost thermal conductivity (8) is assumed to be 0.030
Btu/hr ft °F, and bellows wall conductivity 10.0
Btu/hr ft °F for stainless steel.

Equations (38) and (42) are used to determine the heat
transfer resistances.

Equation (27) is used to calculate the heat transfer.

Equation (37) is used to obtain T,,; and Equation (40) to
determine P,,.

PBmin is then determined from Equation (39) for o, range
of 0 to 1.0 and Py, for oy from 1.75 to 2.75.

Ppmax are determined for a range of Tj; from

-200 to 280°F and for hy varying between 2 and 20 Btu/hr ft
°F (from natural to forced convection on the outside bellows
surface). Frost thickness is varied from 0 to 1 inch at each
condition of Ty and hg.

2

The results of the previous calculation procedure indicate that the

largest resistance to heat transfer from the environment to the fluid flowing

in a bellows occurs from the outside convection characteristics and from
the insulating effect from the frost. The thin bellows wall offers little
resistance to heat flow, and the inside convection resistance is small
because of the forced flow over the rough convoluted surface. Since the
inside convection resistance is small, the inside wall temperature remains

only a few degrees above the stream value, and use of Equation (32) remains
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valid. Equation (32) is also considered ideal for estimating hi since

it was shown to fit experimental data taken on pipes artificially roughened
by attaching various size rings to the inside surface. The rings would

be directly analogous to the convoluted section of a bellows. The friction
factor, f,” used in Equation (32) was determined from previous friction
factor data (1) obtained for 2-inch diameter bellows over a range of
Reynolds numbers.

No Frost Formation

The results of this analysis are presented in Figures 88 and 89
for a 2-inch diameter bellcws flowing LN, at a velocity of 21 fps, cor-
responding to the first mode frequency, and with no frost formation on the
bellows exterior surface. The values of Ppohax 21d Ppp,jy were deter-
mined from o0, and o,, equal to 0.4 and 2.25, respectively. The results

indicate that

(a) Increasing the outside convection coefficient from 2 to 12
Btu/hr ft °F, with a constant environmental and stream
temperature, causes a corresponding increase in the value
of Ppinax 2nd Pphin- The range on h, represents natural
convection (hy = 4 Btu/hr fte OF) to forced convection at
hy = 12 Btu/hr ft¢ OF, representing a wind velocity of 40
mph from Equation (36).

(b) Increasing T at a constant hy and Tg also results in a
corresponding increase in Ppp . and Pp i,

Frost Formation

The effects of frost formation are presented in Figures 90 and 91
for the same bellows and flow conditions as for the no-frost case. In this
case environmental temperature is held constant at 80°F and the effects
of frost thickness with varying outside convection conditions are presented.
The limiting frost thickness is determined by examining the frost tempera-
ture at the outside surface as given by

Tio = Tyy t QR
Once the frost thickness has increased to a point where the temperature

drop across the frost is such that Ty, = 32°F, then no additional frost
buildup will occur. The limiting thickness will depend on the total heat
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PRESSURE AT MAXIMUM STRAIN - Pg ax (psia)

20

19

BELLOWS #6
V¢ =21 fps (1st MODE FREQUENCY IN LN, )
T, = 80°F

TS =-320°F

K¢ =0.03 btu/hr ft2 °F

W
t 0.4/ Tt = 32 °F (Frost Build-Up Limit) |

| | | | | L

]

2 4 6 8 10 12
OUTSIDE CONVECTION COEFFICIENT-hg (btu/hr ft? °F)

2924

Figure 90. Bellows Pressure At Maximum Strain With Frost Build-Up
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19 I T T T T T

BELLOWS #6

Vs =21 fps (Ist MODE FREQUENCY IN LN, )
T,=80°F

TS = '320°F

18 - Kf =0.03 btu/hr ft2 °F

PRESSURE AT ZERO STRAIN - PBmin ( psia)

17 b _
16 - t=0.2" -
/////////—F/////:=7/ 7T
AR ceaassn il
t=0.4 Tro =32°F (Frost Build-Up Limit)
] 1 | | | ]
b 2 4 6 8 10 12 14

OUTSIDE CONVECTION COEFFICIENT-hg (btu/hr ft2°F ) 2922

Figure 91. Bellows Pressure At Zero Strain With Frost Build-Up



transfer, Q, as determined from the environmental and stream conditions.
This maximum thickness is shown in Figures 90 and 91. These results
indicate that:

(a) For a given convection coefficient h,, frost buildup
insulates the bellows, reducing PBm'm and Pp .-
(b) Increasing h, at a given frost thickness results in an

increase in PBmax and PBmin'

The results of the effects of frost buildup on the operating character-

istics of bellows are considered adequate to indicate the expected bellows
response when frosting occurs. However, it should be pointed out that
assuming a constant thermal conductivity of 0.03 Btu/hr ft °F under vary-
ing conditions of frost formation is a simplification of the problem. The
nature of frost formation on cryogenic feed lines is extremely complicated
and depends on the relative humidity, the temperature and other factors.
Experimental values of frost thermal conductivity vary, and the choice of
the frost conductivity was made after a review of the literature, and is
considered to be adequate for this analysis.

Geometric Effects

An examination of the heat transfer model presented in this report
will show the effects of bellows geometry on the combined heat transfer/
cavitation phenomena that alters bellows flow induced response. Consider
Equations (28) and (32) for determining the heat transfer and bellows inside
wall temperature, respectively. If the heat transferred per unit wall area

is based on the inside wall area, A,,;, then Equation (28) becomes

AQ _ To-Ts (41)
wi Agi ZR
and Equation (32) can be written as
Too=T, -2 R, A
wi® Ist Ay 4 Twi (42)

If (jk/Av;,i and Rg4A; are dependent on bellows geometry then T ; and P
will also depend on geometry.
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First, examining the term R4Awi’ we find

1
RyAwi = o (43)

w1

Therefore, R4A,; is independent of geometry except as h; is altered by

changes in convolute shape.

n
Next, examine Q/A,;

Q>.< i TO-TS 1 . 1 _L (rm+tf+tw) +L /@K(rm-f-tw)
A Ayi Agohe 2T | Ky Tmtty K m
! -1 (44)
+
Awihi}
for the case of a thin walled cylinder where the thickness is such that
rs> -T
271 o (45)
r
then /bx,(rz/rl) can be estimated within 5 percent by (rp -rj)/r,.
Therefore, the wall and frost resistances can be estimated by
tW
Ry, = —m— (46)
2 KwAwi
te
Ry = —— (47)
KfAgo

if condition (45) is valid. Condition (45) is valid for 2-inch diameter bellows
with frost thicknelss of 0.1 inch or less, and the assumption becomes more
accurate for larger diameter bellows at greater frost thicknesses.

Utilizing R and R3 as given by Equations (46) and (47) yields

i3 -1
Q  [To-Ts S N S (48)
Awi Awi Awobo  BwiKw  AwoKr Ayihy
and since
A = A for condition (45)
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then

Q (T 1 +tw N tf ‘ 1 -1
= _T ) —— — — —
o)
Awi S h, Ky Ky hy (49)

the expression for heat transfer through a slab of area Awi’

Since the wall resistance (t,, /K,) is negligible compared to the
other resistances and t,, is small for most bellows, the resulting expression
for Q/AWl is mdependent of bellows geometry and is only a function of the
environmental conditions. Therefore, the inside wall temperature used to
determine the vapor pressure will be strongly dependent on the bellows
inside and outside conditions (i.e., Ty, Tg, tf, Kyf, by and h,) and only a
weak function of bellows geometry. This will be true only if the simplifying
assumption of heat transfer to a thin walled cylinder is an accurate model
and if the bellows is small enough to prevent sufficient heat transfer from
producing an appreciable temperature drop between bellows inlet and exit.
The restriction on constant stream temperature between the bellows entrance
and exit should be valid for short bellows under the low rates of heat transfer
represented by the environmental conditions considered.

Next, the effect of geometry on Pp . and Pp Bmin Must be considered.
Solving (38) and (39) for Py a2y 2nd Ppin y1e1 s

PBmax = pv@ Twi t Om Qoo (50)

and

Ppmin = Fv@ Twi 06 Ao (51)

The effect of bellows geometry on P, was shown to be minor, leaving
only 0Qqy to be analyzed. No experimental data is available on cavitation
numbers at maximum and minimum strain except for the 2-inch bellows. It
is assumed that o, and 0y, will not change drastically with bellows geometry
changes. However, the bellows velocity at which vortex shedding occurs is
dependent on bellows geometry and the different modes of vibration will
occur at different velocities. This change in velocity with geometry and
vibrational mode will change the 04y, terms in Equations (50) and (51)
resulting in changing the values of P ., and Pg,;,,. The results of
geometry effects can be summarized as follows:
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(a) Bellows geometry differences for short bellows will
produce negligible changes in the calculated vapor
pressure for a given set of environmental and flow
conditions. Therefore, results presented in Figures
88 to 91 for a 2-inch bellows should be valid for other
diameters flowing LN, at 21 fps and -320°F.

(b) Bellows geometry differences will change the estimate
of meax and Pp.in since geometry affects the velocity

for a given vibrational mode.

General Remarks

All results are presented for velocities corresponding to the first
vibrational mode. No data has been taken at higher mode frequencies to
confirm the accuracy of this analysis. Also, Equation (32) used to deter-
mine hj will be affected by changes in Reynolds number through changing
Voo and D . When forced convection on the outside wall of the bellows
becomes severe enough, the inside wall temperature will exceed the point
where boiling heat transfer can be ignored. Under these unusual conditious,
Equations (33) and (34) should be used only as an order of magnitude
estimate of h; as they do not directly apply to cryogenic flow in a pipe.
Also, the validity of Equation (23) is questionable at Reynolds numbers much
a.bcs)ve 10 as the data this equation was based on covers an Re range up to
10°.

In general, the analysis should be adequate to yield an accurate
estimate of operating pressures to insure that cavitation does not occur
under a given environmental situation.
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IV.5 External Damping

Introduction

The prior discussions in this section have been devoted primarily to
one type of mechanism which can suppress bellows flow excitation where
cryogenic liquids are the flow media. This suppression was caused by
vapor formation in the flowing liquid which directly affected the vortex
shedding phenomena, and reduced the magnitude of the periodic force.
Another possible suppression mechanism where cryogens are the flow media
is the extra damping introduced by the external buildup of some combination
of ice, frost, or condensed air. Experiments have been conducted to deter-
mine the damping introduced by these three types of external media, and
the results are described in the following discussions.

Frost and Ice Damping

Frost buildup alone on a bellows with an internal cryogen flow has a
minor to negligible effect on the amplitude of flow-induced vibrations. Several
experiments were conducted to determine if the vibration was suppressed by
frost formation, and in all cases where frost alone was present, no truly
significant reduction was noted. This was true even for heavy frost buildups.
Figure 92 illustrates frost conditions typical of those for which tests were
conducted.

The fact that frost alone yielded negligible external damping is under-
standable since this media has a very low mass, based on total volume occupied,
and may be easily "zrushed'. Therefore, when bellows vibrations occur, the
built-up frost offers negligible resistance to convolute motion.

External ice buildup with internal cryogen flow may or may not cause
suppression of the flow-induced vibrations. As might be expected, if the ice
buildup is of sufficient magnitude so that the spaces between the convolutes
are largely filled with ice, then no vibrations will occur.

When thinne* ice coatings are present, low energy vibrations are
completely suppressed, but high energy level vibrations cause the ice coating
to crack and fall off so that the original or undamped (external damping)
vibration amplitude is restored. Figure 93 illustrates this phenomena. The
top strain-velocity curve illustrates flow-induced vibrations of a bellows with
no external damping media. Figure 93 illustrates the behavior of a bellows
with a light ice buildup. Note that the first mode {lower energy level mode)
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FIGURE 92. PHOTOGRAPHS OF FROST BUILDUP ON TEST
BELLOWS WITH INTERNAL LN2 FLOW



is completely suppressed. The second mode, however, is only suppressed
up to a certain maximuim velocity where breakup of the ice occurs and the
original vibration arnplitudes are thereby restored.

External Liquid Damping

Experiments conducted in the laboratory revealed that bellows damp-
ing, because of the presence of an external liquid, can be quite significant.
Since such a condition generally occurs only where liquid hydrogen or helium
is the flow media, our experiments were conducted under simulated condi-
tions employing external water damping on bellows flowing water and air.

In conjunction with these experiments, an analysis was performed to develop
a mathematical model for this type of damping.

Figure 94 illustrates the mechanism believed to be responsible for
damping of a bellows covered on the outside by a liquid. As shown, vibratory
motion of the convolutes causes the external liquid to be periodically forced
in and out of the space between convolutes. Estimates of the Reynolds number
typical for this periodic motion show that a transient turbulent situation likely
exists. Therefore, it is reasonable to expect that this external periodic
fluid motion will produce a damping force on the vibrating convolutes. This
force, because of the turbulent dissipation mechanism, will be proportional
to the convolute relative velocity to the second power.

Based on the above hypothesis for external liquid damping, a mathe-
matical model has been developed for the convolute vibrations for a case
where external damping alone is present (no conventional damping). The
results have been formulated in terms of a Stress Indicator equation, to be
compatible with earlier results, and this equation is

€ (StENp CF Pq
Sle = fh3 5 , €z 0.25 (52)
[

Sle = Stress Indicator for external damping alone
€ = Empirical constant, €% 0,25

E = Young's modulus for bellows material

t = Bellows wall thickness per ply

6 = Space between convolute tips

N = Number of plys
f

h

where

P = Bellows vibration frequency
= Convolute height
Cg = Vortex force coefficient
Py = Internal dynamic fluid pressure

Pe = External media mass density
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SECOND MODE

| FIRST MODE

DYNAMIC STRAIN AMPLITUDE

VELOCITY
(a) STRAIN-VELOCITY PLOT WHERE NO EXTERNAL ICE S PRESENT

FULL AMPLITUDE

L VIBRATION
= ICE

- CRACKS OFF

=

<C

=

<C

o | ICE PREVENTS

»n VIBRATION +
: \

=

= )
= VELOCITY

(b) STRAIN-VELOCITY PLOT WHERE THIN ICE COAT IS PRESENT

2927

Figure 93. lllustration Of Bellows Flow-Induced Vibration With And
Without External Ice Builtup For Velocity Upsweep
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/ :
— - — =/~ _EXTERNAL FLUID

"~ DAMPING MEDIA

INTERIOR — R —
- - ¢
- CONVOLUTE RELATIVE VELOCITY 2% GIVES DISCHARGE VELOCITY OF
=

- THIS FLUID MOTION, IF TURBULENT, GIVES A PRESSURE
DIFFERENTIAL OF

Ipc'pe|z's"ov2
WHERE €, IS AN EMPIRICAL CONSTANT

- THIS PRESSURE DIFFERENTIAL MAY BE INTERPRETED AS A FLUID
DAMPING FORCE

Fg = (mDmh) (e, PV?) = bx?

2930

Figure 94 . [llustration Of External Fluid Damping Mechanism
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Since some conventional damping is always present, Equation (52) does

not indicate the true bellows flow-induced stress level, but only the
external damping limited part. To get the true or correct Stress Indicator,
it is necessary to combine the conventional value and the external damping
value. This may be done by the expression below, or

SI, = 1, 1 (53)
SI Sle
where
SI = Stress Indicator for Conventional Damping (see Reference 5)

i

STe Stress Indicator for External Damping Alone (see Equation (52)).
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IV.6  Application of Results

Summary of Use of Results

This section has described results of an investigation of bellows
flow-induced vibrations where a cryogen is the flow media. It has been
demonstrated that the phenomena is predictable by the method presented
in Section II , except for two important limiting cases. First, if boil-
ing and/or cavitation occurs in the bellows, then the vortex shedding, hence
vibrations, will be suppressed. Second, the presence of an external buildup
of frost, ice or condensing liquid can also suppress the vibrations. The data
in Section II provides an upper-limit prediction of vibration amplitudes,
and the phenomena described herein are vibration suppression mechanisms.

From the standpoint of a designer or test engineer, it is important
that these possible suppression mechanisms be recognized so that the
worst-case condition is examined in any design or test activity. The case
history reported in Section II is dramatic evidence of the importance of
recognizing these suppression mechanisms.

As an aid to the reader, the following sections have been prepared
summarizing a procedure which might be followed in predicting these flow-

excitation suppression effects.

Suppression by Internal Vapor Formation

Utilizing the heat transfer analysis presented in this report to deter-
mine when flow excitation of a bellows will be suppressed proceeds as follows:

(a) Using the results of Section II , determine the flow
velocity where flow excitation is expected.

(b) Calculate the internal heat transfer coefficient h-1 from
Equation (32) by determining the Reynolds number Req and
Prandtl number P, at the stream conditions, and friction
factor ratio f*/fo* from Section II. Base the Nusselt
number Nu on D, and base Req on D; for a conservative
h, estimate.

(c) Determine the external heat transfer coefficient hy from
a knowledge of bellows environmental conditions. Use
Equation (36) for forced flow over the bellows or any other
suitable expression for the expected bellows environmental
condition, (i.e., natural or forced convection or condensation}.
If frost is present, estimate its thickness and conductivity.
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(d) Calculate the overall heat transfer from Equation (49).

(e) Calculate the bellows inner wall temperature Twi from
Equation (42).

(£f) Determine the cryogen vapor pressure P, at temperature
T4 from Equation (40) for LN, or an appropriate expression
for other cryogenics.

(g) Using the cavitation number limits ¢ o and om of 0.4
and 2.25, respectively, calculate the operating pressures
Ppmin 2nd Ppmax from Equations (50) and (51). These
defining cavitation numbers resulted from LN, experimental
data but should be adequate for predicting strain suppression
with other liquids as the flowing medium.

(h)  If the bellows operating pressure is above Pp_.. ., flow-
induced response is possible and predictable by tjl‘qe me thod

of Reference 1. If the operating pressure is between PR,
and Pp.,.in, some damping of the response is expected. If
the operating pressure is below Pp, iy, no flow-induced
response will occur.

External Damping Vibration Suppression

The damping effect of frost alone can be neglected. Thus, for liquid
oxygen and liquid nitrogen flows where a buildup of frost alone is usually the
case, the results of Section II apply but the possibility of internal vapor
formation exists, and must be examined by the above procedure.

Ice formation may or may not produce a damping effect, depending
on the level of buildup. In the laboratory, ice occurred only by deliberately
pouring water on the bellows, or by periodic melting of the frost layer with
external heating. Ice buildup should be treated as a very special case, the
effect of which can only be accurately determined from laboratory testing.

External liquid (air) condensation will generally occur only for liquid
hydrogen or cold helium flows. An estimate of the vibration severity with
this damping mechanism present may be made by the procedure given in
Section IV, 5,



Realistic Testing

It should be evident from the results in this report that in per-
forming flow-induced vibration tests on a bellows with internal cryogenic
liquid flows, one must properly allow for possible vapor formation or exter-
nal damping. If the bellows is to be operated under conditions where no
external heating or damping media buildup is possible, such as in a vacuum,
then the bellows should be tested under the same conditions. The only pos-
sible shortcut found in the laboratory was to use an external purge of the
cold boil-off gas from the test to minimize heating and external damping
effects. This means use cold GN, GOX or GH2 where LN, LOX or
LH) are the flow media, respectively. Practical difficulties may make it
easier to go ahead and provide an external vacuum environment rather than
use this procedure, however.

For monitoring flow-induced vibrations of bellows, experience has
shown that only corvolute strain measurements are absolutely reliable.
Other monitoring methods such as duct vibration, internal pressure measure-
ments, and external acoustic emission have been evaluated. In general,
these other methods are undesirable, except for providing qualitative informa-
tion, because they give output signals with an unrealistic frequency cocntent.
Examination of the spectral content of a duct acceleration signal, for example,
often shows vibrational energy at the actual bellows frequency plus several
harmonics of this frequency. A convolute strain signal from the same bellows
will only reveal significant energy at the actual bellows frequency.

Because of the high frequencies involved, and the severity of the
vibrations, proper mounting of strain gages can be a problem. Thorough
cleaning of the convolute surface and use of an epoxy for mounting the gages
has resulted in reliable installations in our laboratory. Only very fine lead
wires (= 0.005 inch) should be soldered directly to the convolute strain
gages. These fine wires should be attached to the main signal leads at
terminal strips cemented on the duct adjoining the bellows. A fine coat of
rubber cement should be put on the small lead wires to provide some damp-
ing and help prevent wire fatigue failures. Care must be taken to ensure
that the output instrumentation has adequate frequency response for the

signals anticipated.

Example Situation

Reference 9 discussed bellows flow induced response changes with
changing environmental conditions, and resulted from an investigation into
the failure of a braided bellows (J-2 engine, ASI line) carrying LH; with
an external vacuum environment. The failure was attributed to the bellows
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being qualification tested in a normal atmospheric environment which
created suppression of the flow-induced vibrations, hence, did not allow
maximum vibratory strain to occur. The authors of Reference 9 indi-
cated that air condensing between the convolutes and the braid caused
suppression of the bellows vibrations. However, the authors seem to
relate this to a heat transfer effect, which is highly unlikely. By their
own calculations the bellows wall temperature with film condensation was
-396°F with the hydrogen flowing at -400°F and 1000 psia (our own analysis
confirms this). A 4©° change in temperature between the wall and bulk flow
at 1000 psi was too small to cause a density gradient sufficient to influence
the vortex shedding.

The mechanism responsible for the reduced response under these
conditions was most likely the added damping action of the external liquid
air. Application of the external liquid damping model (see Section IV, 5)
to this ASI line case, indicates that this particular suppression mechanism
could have reduced the flow-induced vibrations to about 20 percent of the
vibration level observed with an external vacuum.

In Reference 9, the conclusion that heat transfer caused the vibra-
tion suppression of the ASI line was based, in part, on a test where hot
helium gas at a mean temperature of 285°F was blown over the bellows
surface. It appears from the figures in Reference 9 that this forced heating
created a fluid temperature in the convolutes of -330°F compared with
-400°F in the bulk flow. This type of temperature change could have pro-
duced a sufficient density gradient in the convolutes to suppress the vortex
shedding and reduce the vibrational response. However, the amount of heat
transferred with the hot helium was about 17 greater than for the case with
condensing air, assuming the inside wall heat transfer coefficient didn't
change. Therefore, the two cases were not analogous, and the reduced
bellows response, in our judgment, was created by a different phenomena
for each case. That is, with condensation, liquid air damped the response,
while for the hot helium test a density gradient in the convolutes probably
suppressed the vortex shedding.

It should be noted that, since the tests in Reference 9 were performed
at pressures abovéd the critical pressure (1000 versus 188 psia), the state
of the hydrogen in the bellows was not well defined in terms of being a liquid
or vapor. At super-critical pressures a liquid and vapor phase cannot exist
simultaneously, and any large temperature difference that exists between
the bellows wall and bulk flow as the result of heat transfer will only cause
a density reduction of the fluid in the convolutes which could lead to a change

in the vortex shedding.
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IV.7 Conclusions from Heat Transfer Study

A number of conclusions have been derived from the study reported
in this section; these are:

(a)

(b)

(c)

(d)

Vibrations excited in bellows by the internal flow of a
cryogenic liquid are caused by the same fluid-elastic
instability reported in Section II for internal water and
air flows.

Where no internal boiling or phase change occurs, and
where no frost, ice or condensed liquid appears on the
bellows exterior, the flow-induced vibration with an
internal cryogen is predictable by the method reported
in Section II.

If a phase change of the flowing media occurs and/or
external frost, ice or condensed liquid is allowed to form,
then the bellows vibration amplitudes, hence, the dynamic
strain levels, will be reduced from the condition of (b).

The conditions under which an internal phase change will
produce suppression of the bellows flow-excitalion are
predictable. An analysis for making this prediction is
presented in this report.

The presence of frost on a bellows can produce a negligiole
reduction of the vibration amplitudes by virtue of some adaed
damping.

If built up prior to the initiation of flow, a heavy ice layer
can completely suppress flow-induced vibrations of bellows.
If, however, the ice is formed after flow-excitation is
initiated, the convolute vibrations will prevent large buildups
by causing the ice to crack and fall off. Ice buildup on a
bellows is generally a rare occurrence unless water is
purposely poured over the cold convolutes.

Condensation of significant quantities of gas constituents from
the ambient surroundings can produce a significant damping
of the bellows flow-induced vibrations. This condensation
would be most pronounced for internal liquid hydrogen or cold
helium flows. A model for predicting vibration amplitudes
when an external liquid is present is given in this section.
h

NS
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V. BELLOWS VIBRATIONS WITH GASES

V.1 Introduction

Bellows vibration response when the internal flow medium is a gas,
can be significantly altered especially at high flow velocities. This results
from acoustic loading which can increase the number of degrees of freedom
of a bellows system by producing additional bellows acoustic modes. Pre-
liminary observations of acoustical resonance in bellows with gas flows
were reported in Reference 1. It was noted that the bellows showed virtually
no response up to rather high flow velocities where quite suddenly the vibration
response became very pronounced. This sudden onset of vibration response
was accompanied by significant acoustic radiation from the entire test loop,
indicating that acoustical resonance existed. When this condition was established,
it was observed that the vibration was much more severe than it should have
been which was attributed to an enhancement of vortex shedding by the acoustic
resonance. Preliminary data obtained with both air and freon as the internal
flow media exhibited the same characteristics with the exception that the
critical flow velocity with freon was about half that experienced with air.
This was expected, however, since the speed of sound in freon is approximately
half that of air, and reducing the speed of sound will cause a reduction in the
acoustic resonance frequency, hence the flow velocity required to give a
resonant condition. Additional testing (Reference 1) was also conducted to
map the acoustic pressure field inside a bellows by use of a small microphone,
and the results are shown in Figure 95. It was determined that a coupled
radial-axial acoustic mode existed with a maximum sound pressure level
occurring in the radial direction near the internal bellows diameter. It was
also determined that the acoustic field was being excited by the vortex shedding
from the bellows convolutions and, in turn, the acoustic resonance enhanced
the vortex shedding, causing greater than expected resonance levels. It was
reasoned that the sudden occurrence of this phenomenon at some critical
flow velocity was that: At low fluid velocities (i.e., low vortex frequencies)
the acoustic wavelengths were too long to fit in the bellows in the radial
direction. Therefore, the radial acoustic waves which were generated
experienced pure attenuation. When a high enough shedding frequency was
achieved (hence, a high fluid velocity), the wavelengths were short enough
to fit radially and therefore, radial resonance condition would couple with
the axial acoustic mode. As a result of this preliminary work, it was
concluded that the effect of radial acoustic resonance in bellows leads to
generally increased flow-induced stress levels and sharp increases in the
sound level in duct systems.
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Figure 95. Illustration Of Acoustic Pressure Level Variation
With Radial And Axial Position In Bellows
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V.2 Experimental Results

Subsequent to the preliminary results reported in Reference 1,
additional experimental tests were conducted to provide data for deter-
mining the effects of acoustic induced bellows vibrations with internal
gas flows. A l.5-in. I.D. specimen was extensively investigated in the
SwRI gas flow loop. The tests were conducted with one end of the bellows
open and with the gas exhausted into the atmosphere. Strain data were
re corded over an air velocity range from 0 to 350 feet per second. Also,
acoustic sound pressure level data were obtained by use of a microphone.
As expected, the peak sound levels occurred at the same flow velocities
(and frequencies) that the peak convolute strain was observed, as shown
in Figure 96. This particular test bellows showed strong response at
5200, 6100 and 7700 cps, which are all above the highest longitudinal
mode frequency of 5100 cps. In order to verify that the excitation was
purely acoustically oriented, the bellows was covered on the outside with
epoxy to completely prevent any convolute motion. Subsequent sound
pressure level measurements again showed peak responses at the three
frequencies, 5200, 6100 and 7700 cps.

Additional tests were performed to determine the effect of changing
duct acoustic impedance on the bellows vibration. Tests were performed
with another 1l.5-in, I.D. bellows exhausting to the atmosphere but with
different lengths of exhaust ducting adding to the open end. Figure 97 shows
the results of this testing. A significant difference in convolute dynamic
strain characteristics for each downstream duct length is noted. Also noted
is the significance of the maximum peak strain occurring at an exit exhaust
duct length of 2. 25 in., which is almost precisely a 2.5 inch wavelength
(at the particular frequency for which the strain peaked in Figure 97) from
the open end of the duct to the mid-axial point of the bellows. Previous
measurements of sound pressure levels indicate the pressure to be a maxi-
mum at the mid-axial point. Since the pressure level must be near zero
at the duct open end, it is expected that the acoustic resonance phenomena
could be enhanced at total duct lengths of 1/2, 1-1/2, 2-1/2, etc., wave-
lengths. This geometric configuration should, therefore, result in an optimum
reinforcement.

Additional experimental gas flow tests were performed with the 3-in.
diameter test specimens indicated in the previous table. Both freon and
air were used as the internal flow media for all testing with these bellows.
For the wide range of bellows tested, the acoustical resonance started when
the vortex frequency became high enough to produce a sound wavelength
about equal to the bellows diameter where wavelength and vortex frequency
are related by

A =C /f
S (o]
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Acoustic Sound Pressure Level ( Air Flow )
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where A = sound wavelength, ¢, = speed of sound in gas, f = vortex
sheddingsfrequency. Vibration response data for the 3-in. I.D. test
bellows are shown in Figures 98, 99 and 100. These results are typical
of those obtained with the other 3-in. test bellows.

Bellows No. 12 has 13 convolutes and, therefore, the longitudinal
vibrational model predicts a 25-degree-of-freedom system with the
highest vibrational mode being the 25th. Figure 98 shows a low level
strain response occurring at the 25th mode and below this velocity no
appreciable strain level is recorded. However, at approximately 190
feet per second, a high level strain resonance was recorded accompanied
by an intense noise level. Estimating the acoustic resonance condition
by comparing the calculated acoustic wavelength A  with the bellows
diameter (where f = V _S/0) indicates an acoustic \svavelength of 3.15 in.,
which compares closely with the 3-in. I.D. of the test specimen.

Figure 99 shows bellows flow response with internal freon (F-12)
flow for three cases of expansion and compression of the bellows length.
The results for all three cases indicate the same trends as the previously
exhibited air data. For bellows No. 3, the highest predicted longitudinal
vibrational mode (the 25th) occurs at approximately 55 feet per second.
However, no appreciable strain is recorded (Figure 99) until the flow
velocity reaches approximately 80 to 100 fps. Similar response is shown
in Figure 100 for test bellows No., 4. Also shown in Figures 99 and 100
are the effects of bellows length and pressure on the acoustic flow-
induced response. The results indicate that some change in flow response
is observed when the above parameters are varied. However the results
show that comparing the acoustic wavelength at the recorded flow vel ocities
to the internal bellows diameters is still a good indication of expected flow
regimes where acoustic resonance will occur. As a result of all our gas
flow tests, we can generally say that the condition for acoustic resonance
may be predicted as follows:

(1) For closed pitched convolutes, assume the bellows I. D.
is equal to the starting acoustic wavelength. The corres-
ponding resonance frequency is then calculated from f =
Co/d and the frequency is related to the critical flow
velocity through the Strouhal number by V =fg/s = COO/Sd.

(2) For straight wall convolutes, assume the starting acoustic
wavelength is equal to the bellows mean diameter.

(3) For open pitch convolutes, assume )\S is equal to the
bellows O.D. less two wall thicknesses.

It should be emphasized that the above simply defines a starting condition
for acoustic resonance and that as fluid velocities are further increased,
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acoustic resonance is generally maintained and the vibration may become
more severe depending on the presence of bellows modes which can be
excited. All the above rules provide a general ''rule of thumb'' to determine
the condition for radial acoustic resonance in bellows. A more detailed
theoretical analysis was undertaken to better define the effects of acoustic
resonance on bellows vibrations.

V.3 Theoretical Results

Methods for predicting higher order resonant conditions in circular
fluid conduits are given in Reference 12. However, the solutions are not
valid for a bellows where the convoluted wall must be treated differently
from a straight wall section, For the case of a straight wall section, the
fluid radial impedance is given in Reference 12 as

p pcz\ B (v?-8%3 (Br)
1 _[[o © o] o (54)
+
v s / BBJ (Br )+ AYJ Kr)
The condition of zero axial fluid velocity at the wall yields
+ =
B JO (Bro) A KJO (Kro) 0 (55)

and combining Equations (54) and (55 ) and eliminating the arbitrary
constants A and B vyields

2 2 2
P, _ (Y" -89 (p, C, /s) 56
\'% 2
r B Jl (Bro) A Jl (Kro)
J (Br) T K J (Kr)
O (o] O (o}

which is the radial impedance of the fluid at the wall. In these equations,
Y is a separation constant and J, (Bro) and J, (Kr ) denote the zero and
first order Bessel functions of the first kind with arguments Bro and Kr ,
respectively. In addition, the parameters, K, Y, and B are related by

BZ

2 2 2
=v% - (s/C )* =K% - (s/C )" +sly (57)
The parameter s in Equations (54), (56) and (57) is the Laplace operator,
where these equations have been transformed into the Laplace domain
for convenience, and , is the kinematic viscosity of the fluid.
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In order to obtain the solution for radial acoustic resonance in
bellows, one must determine the fluid radial impedance at the wall in
terms of the bellows wall geometry and equate the resulting expression
to Equation (56). Referring to Figure 101, the difference between the
pressure in the convolute and the internal flow pressure is given by

P -P =1 _dﬂ_ (58)

Likewise the flow rate, q, from the bellows convolutes into the free
stream flow is given by

d P,
9 dt

q=C (59)

In equations (58) and (59) I and C are the bellows convolute fluid im-
pedance and capacitance re spectiv%ly and are given by

Iq = pg, h/om Dm (60)
C = honD /P k (61)
q m o
where D is the mean bellows diameter, P _the free stream pressure

and k ’chnerl specific heat ratio. TransformingOEquations (58) and (59) into
the Laplace domain yields

P1 - P2 = IqSQ (62)

Q =scq PZ (63)

The radial velocity of the fluid into or out of the convolutes is
estimated by

- . _© 1
V.= Q/A, = —= 5T (65)
m




191

Figure 101. Important Parameters for Modeling Fluid Radial
Impedance at Bellows Wall
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Sub stitution of Equations (62), (63) and (65) into (64) yields

2P k

_ o 2
PI/Vr = _h——— + ZDohs /S (66)

which is the fluid radial impedance at the wall due to the bellows convolutes.
Setting Equation (66) equal to Equation ( 56) and making the parameters
nondimensional yields

2 2
(Gy - By = 2T, L,y 5
2 — + =— FN" (67)
5 .]'1 (BN) ) GN Jl (KN) h T
N T (BN Ky 7, (KN)

Equation (67), together with Equation (57), which in dimensionless form is

2 2 2 2 2
= - = + +
By =Gy - FN" =K~ +FN"+ FN/DN (68)

are solved simultaneously to predict the conditions of radial acoustic
resonance in bellows. In Equations (67) and (68) the dimensionless para-
meters are defined as follows:

= Y
GN m ro
BN = Bm r
KN = Km ro
FN = sr /C
o "o
DN = U/Co ro

Each set of eigenvalues K , Y and B (where n =0, 1, 2, 3...) represent
a solution to Equations (6'?) and (68). “I'he solution for the zeroth mode

(n = 0) represents an axial acoustic resonance of the bellows structure.

The solution for the first mode (n = 1) represents the first radial mode.
Likewise, from n = 2900 represents higher order radial modes in the
bellows structure. To determine resonant conditions, Equation {67) and
(68) were programmed and solved numerically on a CDC 6400 digital
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computer for conditions representing the current 3-inch diameter test
bellows with internal air flow. The first mode spatial attenuation versus
frequency number for test bellows with convolute heights of 0.3 inch is
shown in Figure 102 and the dimensionless phase velocity versus frequency
number is given in Figure 103. The resonant condition (FN = 3.5) for the
first radial acoustic mode in these bellows is indicated in the two figures.
Thus, the first acoustic radial mode occurs at a frequency number of about
3.5 which yields a theoretical value for the first resonant frequency of
4900 Hz. The experimental first mode acoustical resonant frequencies

are shown in Table XIV for 3-inch test bellows numbers 4, 5, 8 and 9 which
have a 0.3-inch convolute height. Good agreement is observed between
the predicted and the experimental values.

In addition, the first mode spatial attenuation versus frequency
number for 3" I.D. bellows is shown in Figure 104 with internal air flow
for convolute heights up to 0.5 in. The results in Figure 104 indicate
that as the convolutes become deeper, the frequency number at resonance
is reduced resulting in a decrease in flow velocity required to produce
the first radial acoustic mode. The straight wall case presented in
Figure 104 (h = 0) represents an upper limit on frequency number for
the first radial mode.

The theoretical frequency number at resonance is shown in
Figure 105 as a function of convolute height. Also shown on this figure
is experimental data obtained for the first radial acoustic mode with
the three inch bellows with internal air flow. A lock-in range is present
under radial acoustic resonant conditions as is the case for longitudinal
vibrational modes. The data scatter at any convolute height shown on
Figure 105 is indicative of the lock-in range over which the first radial
acoustic mode occurs. As noted in Figure 105, the trend in the data is
in good agreement with the theoretical curve for the first radial acoustic
mode.

The theoretical analysis presented in this section provides a method
for determining the acoustic modes in a bellows structure which are re-
sponsible for high level vibrations with internal gas flows. Using this
theory will provide a prediction of resonance conditions as a function of
convolute geometry and gas properties. In general, critical flow conditions
for internal gas flows can be estimated by comparing the acoustic wave-
length to the internal bellows diameter. When a more detailed examination
is required, the theory presented herein may be utilized.

V.4 Flex Hose Acoustic Resonance Induced Failure

During the course of the present study, an experimental investigation
of the flow-induced failure of the Saturn S-II LLOX pre-pressurization system
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TABLE XIV.

Comparison of Experimental and Theoretical 1st Mode Radial Acoustic
Resonance for 3 Inch Test Bellows With Internal Air Flow

Bellows No. To h f ex(Hz) fth(Hy)
4 15" .3 5225 4900
5 1, 5" .3 4950 4900
8 1.5" 30 5000 4900

9 1,5" .3 4650 4900
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flexible hoses was conducted. This was done to assist MSFC and North
American, Space Division, with an overall investigation and cure of the
problem which had occurred on a vehicle. Appendix D of this report
gives results of our work, while Reference 13 gives details of the
overall study conducted at North American.

V.5 Stress Indicator for Gas Flows

Based on the experimental results, the Stress Indicator approach
appears valid for the case of internal gas flows if the value of CF or
CFQ is increased by a factor of 5.
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VI. BELLOWS LINER DESIGN AND EXTERNAL
DAMPING DEVICES

VI. 1 Cone Liners for Reduction of Vibrations

A limited study of cone-shaped liners was made with the specific
purpose of determining how much of the bellows must be covered by the
liner to effectively stop flow-induced vibrations. The liners being con-
sidered here are simple, truncated, hollow cones formed from thin sheet
metal which are mounted at the entrance of a bellows and extend into the
bellows itself. The cone shape allows angular movement of the bellows but
also produces a constriction, and a resulting pressure drop, which is
discussed in the next section.

An initial aspect of the liner study was to determine the nature
of the velocity profiles downstream of the liner; this, it was hoped, would
provide some insight into how far the liner should extend into the bellows
to prevent vibration. Pitot tube traverses were run downstream of con-
vergent inserts mounted in a 2-inch ID duct to determine the shape of a
fluid jet as it emerges from the end of a cone liner. The resultant
velocity profiles are shown in Figure 106 where the velocity downstream
has been normalized by the velocity at the center of the cone exit.

The influence of the cone angle was not very pronounced, but there
was a vena-contracta present with the 30° cone which was not present with
the 10° or 20° cones. This was quite noticeable from the Pitot differential
pressure which represents the square of velocity. However, the actual
center velocity at the vena-contracta was only about 3% greater than at
the cone outlet. Comparison of the flow profiles at station #6 with and
without the inserts shows that the flow is noticeably affected as far as 5 or
6 outlet diameters away from the insert. This would indicate that a con-
siderable partofa bellows could be left uncovered when a cone-shaped
liner is used.

In order to determine the extent to which this information could be
applied to an actual situation, two -1/2-inch ID bellows of different convolution
geometries (#110 and #112)" were flow tested with water using a movable
liner that could be positioned at any axial location within the bellows. Since

See Appendix B for a list of dimensional data on all test bellows,
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the effect of cone angle on the flow pattern was rather small, only one
liner configuration was tested. The liner had an outlet diameter of
1-1/4", a length of 11/16", and a 10° included angle. The fluid velocity
was varied from O to 70 ft/sec based on bellows diameter and maximum
dynamic strain was recorded for several liner positions. The results
are shown in Figure 107.

Even with the liner completely withdrawn from the bellows, the
strain level was reduced from that of an unlined bellows; this result is
in agreement with the velocity profile observations. However, all modal
vibrations were not stopped until the liner covered all but one or two
convolution roots. The modes which were present did not occur in order.
In some cases the first mode was present at two different flow rates while
the second mode was completely absent over the entire flow range.

Operating the bellows at an angle did not significantly affect the
dynamic strain readings for these particular bellows-liner arrangements.
There probably are cases where the effects of angulation are significant.

The effectiveness of a cone liner or the effect of angulation would
be difficult to predict analytically due to the highly turbulent expansion
which takes place at the liner exit. The tests which have been performed
can serve as a guide, but more testing of different types of bellows is
required before reliable empirical design is possible. At this time, how-
ever, we offer the following design guidelines:

(1) 1f the bellows failure problem without a liner is severe,
then the liner should cover most if not all of the active
convolutions. If pressure loss is a problem, the liner
might be reduced in length somewhat, possibly allowing
some bellows vibration. Testing should be performed to
verify the design; preferably, a '"before and after' test
should be conducted with one or more bellows.

(2) If the bellows vibrations are not too severe without the
liner, then a very short liner extending over, say, about
one-fourth of the convoluted length should offer substantial
reduction in vibration levels. Again, the design should be
verified with testing.

(3) On any liner design, an important consideration is weight
which means the liner thickness, as well as length, should
be minimized. Any proposed design should be subjected to
a buckling analysis to assure that it will not collapse as a
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result of the differential pressure. Also, the designer should
be aware of potential "splitting' problems caused by turbu-
lent flow excitation of the liner. High dynamic pressure
situations should be approached with care.

VI.2 Pressure Loss of Cone Liners

An important point for consideration in regard to a proposed
liner design is that the pressure loss be acceptable. It has been demon-
strated that a liner can, in fact, increase the pressure drop compared
with the bare bellows. The purpose of the following discussion is to
demonstrate a simple procedure for estimating liner pressure drop
characteristics.

Usually, a typical liner can be considered, from a fluid mechanics
point of view, to consist of a contracting section followed by an expansion
or, in some cases, an expansion followed by a contraction or, possibly
even a series of expansions and contractions depending on the specific
configuration. Assuming this to be true, then using information available
in the literature for losses resulting from expansions and contractions,
the liner overall pressure loss can be estimated. Figure 18 gives all of
the information needed for estimating these losses. Note that for either
a contraction or expansion, the pressure drop is characterized by

Kp

2 2,2

]

I

Bp o 2 2 142
2 V2" [(D2/Dy)"-1]

where K 1is a loss factor defined in terms of the geometry of the duct as
shown in Figure 108.

This prediction procedure has been checked experimentally for the
liner illustrated in Figure 109 which is a conical configuration typical of a
currently used design.

For a zero deflection angle, the pressure loss for this case will
be the collective result of, first, the contraction in the cone section and,
second, the uncontrolled expansion when the fluid exits the cone. The
pressure drop will therefore be given by

e
Ap = 7 (Ko +Kg) [(Dy/D))?-1]2 v,2
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From Figure 108,the value of K_ for this cone geometry is about 0. 35,
The value of Kg for an uncontrolled expansion is 1.0, thus

o
Ap =7 (1.35) [(1.22)2-1]2 v,% = (0.324) (1/2pV,?)

Figure 109shows pressure drop as a function of mean flow velocity predicted
by the above equation, and also the pressure drop obtained experimentally
for this same conical liner configuration. Figure 109 also shows the experi-
mentally obtained pressure loss for the bare bellows (no liner) used for

the tests. In this case, the liner is responsible for an increase in pressure

loss.

VI.3 External Damping Devices

One possible means of reducing the stresses in a bellows resulting
from internal flow is to add damping to the bellows structure. The attrac-
tive feature of this method of reducing stress is that it allows the designer
to possibly '"fix'" a bellows which has demonstrated some fatigue tendencies,
but is ctherwise satisfactory. Our work to date in this area has been
strictly exploratory; several external damping ideas have been tried
with two basic objectives, (1) to find out in a quantitative fashion how
much the damping can be increased under ideal conditions, and (2) to
compare the relative increase in damping for several devices or ideas.
Three types of external damping ideas have been tried thus far; these are:

(1) Filling the convolutions with some damping material,
usually a viscoelastic material, such as RTV rubber,
3M strip-caulk (a putty-like material), and a polystyrene

foam.

(2) Placing a metal spring or rubber "O" ring in each
convolution.

(3) Wrapping the exterior of the bellows with screen wire.

Figure 110 shows a photograph of several bellows with various
external damping devices added. Flow tests have been run on several of
these '""damped' bellows to explore very briefly their possibilities. Figures
111 and 112 show some of the test results. In Figure 1lll, a comparison is
shown between an undamped bellows and the same bellows with two types
of dampers; the external screen and the neoprene "O' rings. In general,
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both devices provided considerable damping; however, the "O'" ring
dampers allowed some resonance effect at about 60 ft/sec flow velocity,
whereas the external screen did not. Figurell2 shows a comparison of
an undamped bellows and two others with damping devices; one of the
damped bellows had 3M strip-caulk packed in the convolutions and the
other had coil springs wound around the outside of each convolution.
The two damped bellows exhibited about the same vibration character-
istics, as may be seen from Figurell2, and both reduced the vibration
level by a considerable amount (about 2 orders of magnitude near the

resonant points).

In general, we believe that these exploratory tests have demon-
strated that it is, indeed, possible to add considerable damping to a bellows
by use of some external device. A word of caution must be added here,
however, because our tests were only conducted on free bellows and for
conditions where the first few modes could be excited. For a flexible
hose or the higher modes of a free bellows, it is not known what kind of
device will be required. Of course, some of the devices which were
tried would obviously not work for a flexible hose.

Another point which the reader will undoubtedly note is that some
of the damping devices which were tried are absolutely not practical for
one reason or another; for example, the external screen, as shown,
would not allow a free bellows to flex; a variation of this idea will, how-
ever. Also, neoprene, the strip-caulk, and the polystyrene foam will
not work at cryogenic temperatures. As mentioned previously, one
objective of these tests was to find out how much damping can be intro-
duced under ideal conditions, and this is why some impractical devices
were tried. The important point of the results is that considerable
damping can be added; the problem now is to discover practical devices.

VI.4 Summary of Bellows Vibration Suppression

We have demonstrated in this chapter that both cone liners and
external damping devices are effective in suppressing bellows flow-
induced vibrations. Both types of devices have been used in the past by
bellows manufacturers for this very purpose. Some points are important
to reemphasize about the use of these devices:

(1) Cone liners can cause a significant increase in the
pressure drop across the bellows.

(2) Cone liners can experience both buckling failures,
because of the large differential pressure, and fatigue
failures because of turbulence-induced vibrations.
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(4)

External damping devices can be as effective as a cone
liner without causing an increase in pressure loss.

Care must be exercised in the application of external
damping devices to ensure that the damping is actually
increased.
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VII. BELLOWS AND ELBOW PRESSURE LOSS

VII.1 Description of Pressure Loss Mechanism

As described in Section II , the general behavior of the fluid
through a bellows involves a generation of vortices in the convolutions.
In the absence of vibrations, the vortex motion inside each convolute
is steady as was shown in Figure 4. With flow-induced vibrations,
toroidal vortices are periodically shed out of the bellows convolutes as
shown in Figure 7.

Regardless of whether or not there is flow-induced vibration, the
generation of vortices in the convolutes causes an extraordinarily high
steady flow pressure loss compared with an equivalent length of smooth
tubing. Figurell4 shows a typical plot of the friction factor f as
compared with friction factors for flow through tubes. Recall that the
friction factor is proportional to the pressure drop in a one-diameter
length of tubing (or bellows), and is related to the pressure loss and
fluid conditions by the equation

Ap = (fL/D) (1/2 pV?)

Note from Figure 114 that the bellows friction factor increases
drastically as the Reynolds number is increased over the range from
about 104 to 106. This trend is contradictory to the observed behavior
of the friction factor for turbulent flow in a pipe, which shows that f{
decreases as Reynolds number increases. It is our present belief that
the cause for this peculiar behavior can be explained by the presence of
the vortices in the convolutes, and the fact that these vortices will trans-
ition from a laminar to a turbulent condition at a higher Reynolds number
than does the main stream flow. We are planning to explore this idea with
a simple analysis in the near future.

VII.2 Compiled Bellows Pressure Loss Data and Some Test Results

All pressure loss data for bellows and flex hose which was available
in the open literature, or from unrestricted company reports, has been
compiled. This data has been reproduced in Appendix E. This compiled
data included two different correlation methods giving the friction factor
f in terms of bellows geometry and Reynolds number; these two corre-~
lation methods are illustrated in Figures 114 and 115, Each of these
correlations gives f, as a function of Reynolds number, in terms of
a one-parameter family of curves., The parameter used in the Daniels
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Method for Predicting Frictional Loss in Metal Bellows and Flexible Hose
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Figure 114. Bellows Friction Factor Correlation From Reference [ 12 ]
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and Cleveland correlation (Figure 114 and Reference 28) is the ratio
of convolute height to bellows internal diameter. The parameter used
in the Riley correlation (Figure 115 and Reference 26) is the ratio of
convolute pitch to internal diameter. Both correlations can only be
valid at the same time for a series of bellows having convolutions with
exactly similar geometry; i.e., the ratio of convolute height to pitch,
etc., remains constant for all bellows of the series. Therefore, one
or both cannot be completely valid for all bellows, in general.

To get a better insight into bellows pressure loss as a function of
geometry, and to attempt to clear up the discrepancy of correlation
methods noted above, a series of experiments were conducted with some
selected bellows, and with a special convoluted test model. The special
test model had provision for changing the convolution geometry so that
the effect of geometry on pressure loss could be determined in a controlled
manner. Figure 116 shows some pressure drop data obtained with this
model, Figure 117 shows friction factor data reduced from the pressure drop
data of Figure 116. All of the data in Figures 116 and 117, except one case,
were for simulated convolutions with identical depths (or heights). Com-
parison of the data for this condition (curves 1, 2, 3 and 4) show a distinct
variation in the friction factor. This data tends to invalidate the correla-
tion given in Figure 114 since it shows a variation in f for constant values
of h/Di (the ratio of convolute depth to internal diameter). Similarly, a
comparison of curves 1 and 2 in Figure 117 shows some variation in f for
bellows having the same value of A/Dj (the ratio of pitch to internal
diameter). This tends to invalidate the correlation given in Figure 115.
Thus, we can conclude that neither of the correlations given in Figures 114
and 115 is entirely or generally valid. Further detailed evaluation of these
two correlation methods has been performed by comparison with more of
our experimental data and that of other investigators. We have concluded
that:

(1) The friction factor f is almost entirely independent
of h/D. (the ratio of convolute height to internal
diameter); therefore, the correlation given by Daniels
and Cleveland (Figure 114 and Reference 28) has no
meaning for bellows of general geometry and is invalid.

(2) The correlation given by Riley (Figure 115 and Reference 26
is roughly valid for all bellows. However, the Riley-type
correlation could be improved by making it a three-
parameter correlation, with the three parameters being
)\/Di’ A/0 and the fluid density.
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We recommend that the Riley correlation be used for pressure
loss estimate purposes with the user aware of the fact that this method
generally overpredicts pressure loss for liquids and underpredicts for
gases. Also, the Riley correlation tends to overpredict for bellows
with "open' convolution designs ( A/o > 2.0), and underpredicts for
bellows with '"closed''convolution designs ( X\ /o < 2.0).

In very general and rough terms, the trends of '"good' and 'bad"
convolutions configurations are illustrated in Figure 118. It is interesting
to note that the '"bad' designs correspond to those geometries which exhibit
the more severe flow-induced vibration tendencies.

VII.3 Low Pressure Loss Bellows Configurations

As discussed in Chapter VI, a conical liner can be effective in
suppressing flow-induced vibrations but can lead to a significant increase
in the pressure loss if the required contraction is too great. For bellows
not required to angulate, a cone liner can reduce the pressure loss if it
is properly designed. Therefore, new ways were sought to reduce losses
which might be useful for bellows required to angulate.

Several specific configurations have been tested. A sketch of one
configuration is shown in Figure 119. This design employs a rigid skirt,
but not one of conventional design. Rather than neck down the skirt or
liner section, the convoluted section is made slightly larger (on the order
of 10%) and the skirt is kept the same diameter as the duct. The ratio of
skirt diameter to bellows diameter is, of course, dictated by angulation
requirements. Just downstream of the bellows a converging section
guides the fluid into the downstream duct. Figure 120shows pressure loss
as a function of flow rate for this new design as well as for a conventional
skirt design, and unskirted bellows and a smooth wall section of tubing.
Notice that the conventional cone liner model coupling has roughly twice
the pressure drop of the unskirted bellows while the new configuration had
about one-half the pressure loss of the bare bellows.

Another type of liner which appears to have merit is a screen or
wire cloth liner. Because of its flexibility, a cylinder of wire cloth can
be fitted directly against the inside of the bellows, allowing some angulation.
One test has been performed with this type of liner and the results are
shown in Figure 120.Note that a small increase in pressure loss was realized
over a bare bellows. It is anticipated that use of a finer mesh wire cloth
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than used in this first test will result in an actual pressure loss reduction.
Possibly of most value, however, is the fact that this type of liner suppresses
flow~induced vibrations; this fact has been verified by testing. Although we
experienced no problems in the laboratory, the reader will likely realize
that there are potential problems with a wire cloth liner, should it break
loose and be carried downstream in the duct system. Attempts to use this
concept should be thoroughly verified with testing.

Two other types of liners were tried, also; a longitudinal wire
screen leaf type, and a spiral wound type using either wire screen or
metal shim for the liner material. Figures 121 and 122show examples of
the two types. In general, all liners suppressed flow induced bellows
vibrations. For example, peak flow induced dynamic stress over the test
flow range, in coupling PN 08046 was less than 150 psi with a longitudinal
leaf screen liner compared with about 10, 000 psi with no liner.

The pressure loss characteristics of the various liner types were
quite different. The spiral wound metal shim liner (Figure 123) exhibited
the best pressure loss characteristics but still needs some development
work, The problem with the spiral wound metal shim liner was that for
large bend angles the winding tended to be displaced too far axially, causing
separation between adjacent windings. If this problem can be cured, this
type of liner has good possibilities. The spiral wound screen liner (test
data not shown) had higher pressure loss than the metal shim liner.

Figure 124 shows test results for the longitudinal leaf screen liner. In
general, the pressure loss characteristics at high flow rate are better than
the unlined bellows for the straight bellows case. For large bend angles,
however, the longitudinal leaf screen liner had slightly higher pressure
loss than the unlined bellows at the same angle.

VII.4 Low Pressure L.oss Duct Bend

Introduction

Duct elbows are known to have a large pressure loss relative to
the normal friction loss in straight duct sections. The reason for these
large losses can be attributed to secondary flows caused by centrifugal
forces and centrifugal force gradients acting on the fluid particles in the
bend.

Two experimental elbows have been constructed and tested in
order to evaluate a new method of reducing pressure losses and improv-
ing velocity profiles in bends. Both elbows were built with square entrance
and exit sections to simplify construction, and were identical in every
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respect, except that the cross-sectional shapes were different in

the bend region. One elbow was conventional in design and had a
uniform square cross section. Figure25 illustrates the new duct
design. Note that this new design has an increased area on the inside
of the bend but a decreased area on the outside of the bend; the reason
for this shape will be discussed below. It was found from testing that
the new design had roughly 40 percent less pressure loss than the
conventional design. It is anticipated that a greater reduction in loss
could be achieved with more detailed changes in the cross sectional
shape.

Low L.oss Bend Concept

Consider Figure 126, which illustrates the flow of an ideal (no
viscosity) fluid through a bend. The predicted velocity profiles
immediately upstream and downstream of the bend are uniform.
Typical profiles for a real fluid flowing through a bend are shown in
Figure 124. Here, because of the centrifugal force gradient which
exists at the start of the turn, the high energy fluid tends to migrate
to the outside of the elbow while the low energy fluid goes to the inside
of the elbow; such a fluid migration constitutes a secondary flow. This
mixing plus the mixing which occurs downstream as the fluid develops
a normal velocity profile in the downstream duct causes a pressure loss
which is nominally about an order of magnitude greater than the normal
friction or viscous losses in a straight duct.

If one could, by some means, effectively reduce the driving force
for this secondary flow without reducing the mean fluid velocity in the
channel, then the overall elbow pressure loss could be reduced. To
accomplish this reduction in secondary flow it would be necessary to
decelerate the fluid near the suction wall and accelerate the fluid near
the pressure, or outer, wall. Once this were accomplished, there
should be two results: First, the overall pressure differential across
the bend should be decreased and, consequently, low energy fluid migra-
tion to the inner wall reduced. Secondly, the centrifugal force gradient
should be reduced so that the migration of high energy fluid to the outer
wall is suppressed.

The manner in which the duct cross-sectional shape should be
changed to bring about these local accelerations and decelerations of the
fluid can be estimated analytically.
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Figure 125.Hlustration Of New Eibow Design
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Neglecting viscous effects, the velocity profile at the start of a
bend will tend to be of the form (see Figure 126a)

k)
v(r) = -
where
. (rp-1ry1) V
1= In(ry/ry)

Here, v(r) is the local fluid velocity as a function of radius r measured
from the center of curvature of the bend, r) is the outer wall radius,
r| the inner wall radius and V the mean fluid velocity in the duct.

To suppress the secondary flows it has already been argued that
the centrifugal force gradient should be made equal to zero (constant
centrifugal force across the bend); this means that the corrected duct
local velocity v'(r) should be of the form

where k2 1is a constant. Therefore, the bend duct height must be
corrected so that the local velocity in the bend tends to a value

Vir) = (k)0 ®

or
v(r) ky

v(r) = C(r) -~ rC(r)

The quantity C(r) is a duct correction factor and has a value equal to

C(r) = kykp, 02 ¢ 1:5

To define k» , we will arbitrarily spcify that the corrected duct have
everywhere a centrifugal force equal to the ideal centerline centrifugal
force in the original duct; in other words

2
8k,

ky = T =z
2 (r2+r1)3
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and, therefore

r2+r 1.5
Clr) = 0. 354 ( 1)

To correct a given duct, the height across the bend must be
modified by the quantity C(r) . In other words, if h(r) is the
uncorrected duct height as a function of radius, then the corrected
duct height h'(r) is

h'(r) = C(r) h(r)

This type of correction can be applied equally well to square, rectangular,
circular, etc., ducts.

Experimental Results

Two experimental elbows have been constructed and tested to
verify the concept described in the foregoing. Both elbows had identical
cross-sectional areas, and inner and outer wall radii; the only difference
was that one elbow had a corrected cross-sectional shape in accordance
with the above. Figure 25 illustrated the corrected elbow. Both test
items were installed in a water flow system and overall pressure loss
was monitored. On both elbows, the pressure loss was measured between
two points several duct widths upstream and downstream from the bend;
Figure 27 shows the resulting overall pressure loss for both test items.
It is readily seen that the new design has a lower overall loss, hence, is
more efficient.

Figure 128 shows plots of the cross-channel pressure envelopes for
the two experimental elbows. Note the reduction in the peak pressure
differential for the new design. This reduction in cross-channel pressure
differential means that the driving force for the fluid migration, discussed
earlier, has been reduced and, therefore, a reduction in overall pressure
loss is expected,

Conclusion

The tests performed on the two elbows verified that it is possible to
reduce pressure losses in duct elbows by properly designing the duct cross-
section in the bend region so as to minimize secondary flows and, hence,
flow profile distortion. This concept can be applied to a duct with any
basic shape.
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VIII, CONCLUSIONS

A number of conclusions have been derived from this study;
these are listed below:

(1)

(2)

(3)

(4)

Bellows Flow-Induced Vibrations

Flow-induced vibration of bellows is caused by a fluid-
elastic instability; specifically it is caused by fluid
vortex shedding from the bellows convolutions which
couples with the convolution vibrations. In the absence
of convolute motion there is no well defined large scale
vortex shedding.

The frequency of the vortex shedding can be related to
the fluid velocity and convolute dimensions through the
use of a Strouhal number given by

S=f ag/v
S

where f 1is the shedding frequency, V the velocity,

and O the convolute tip width. This Strouhal number
appears to be a weak function of only one parameter

which is A /0 , the ratio of pitch to tip width.

The fluid pressure force which is exerted on a single
bellows convolute can be expressed in the form

F=C_.A (1/2 on)
F p

where C is a vortex force coefficient, A _is the
height area of the convolute, p is fluid dené)ity, and V
velocity. The data obtained for Cp from a number
of bellows tests shows it to be a strong function of the
parameter Ao .

It appears that, because of a vortex reinforcement
phenomena, there are "optimum'' values of A/C
which result in local minimum or maximum values of
Cg. The refore, there might be some advantage in
designing the convolute geometry to give a minimum
Cp value. In general, "open'' convolution designs
are better than ''closed'' designs.



(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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The response of a given bellows to flow excitation can
be predicted with a method described in this report.
This method has been verified by tests for bellows over
a size range from 1.5 inch I. D. to 14 inches I. D,

A very important factor in bellows vibrations is the value
of the dynamic amplification factor Q. Test results
show that Q 1is dependent on the bellows specific spring
rate (KA NC/D ), the internal fluid media, and the number
of plies. A prlghrninary set of universal Q value curves
has been prepared in terms of known bellows and flow
parameters, and can be used for present best-estimate
purposes.

A special parameter, called the ''Stress Indicator' has
been derived and is felt to be of value in determining the
relative vibration severity of various bellows. All infor-
mation required to make ''Stress Indicator' calculations
is contained in the report.

A curve giving fatigue failure information has been
compiled and can be used to estimate the possibility of
failure of a given bellows.

Various kinds of liners can be very effective in suppressing
bellows flow-induced vibrations. Care must be exercised,
however, to keep from causing an increase in pressure
loss because of the liner.

Various kinds of external damping devices can be effected
in reducing bellows vibrations. Care must be taken to
ensure that damping is added to the bellows.

Rather large errors can be expected when using existing
spring rate and stress (in terms of deflection) calculation
methods, largely because of an inaccurate knowledge of
true convolute dimensional data.

The use of an accelerometer for monitoring bellows
flow-induced vibrations can give misleading results
as to the most severe modes of vibration, particularly
where acoustic resonances occur in the system.
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(13)

(14)

(15)

Bellows and Elbow Pressure Loss

Only one existing bellows pressure loss correlation
method is considered valid for general bellows
geometry, and this method can lead to rather large
errors in certain cases.

Careful attention to convolution geometry design can
result in a 50 percent or more reduction in pressure
loss when comparing a good design and a poor design.
In general, a good design is one with small, open
convolutions. Large, close pitch type convolutions
generally give large losses.

A bend with changes in cross section such as described
in this report can result in a substantial reduction in
pressure loss compared with a bend of constant geometry
cross section.
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APPENDIX A

BELLOWS FLOW-INDUCED VIBRATION COMPUTER PROGRAM






Al Governing Equations

The performance equations, which will be presented in this section,
are based upon the derivations given in Reference 1 . Therefore, detailed
algebraic manipulations and derivations have been eliminated for clarity.
The stress indicator presented in that reference contains approximations
which were necessary for rapid hand calculated estimates of the indicator.
Use of a digital computer, however, permits incorporation of the exact
expression, which will be noted subsequently.

Figure 1 illustrates a longitudinal cross-section of a typical bellows
together with pertinent notation. The overall bellows spring rate is
N 3
K, =D E —£ (A-1)
m N

t
A h

C

where E is the Young's modulus for bellows material and Dm is the
mean bellows diameter which is defined as

D = (Di + DO)/Z (A-2)

The elemental spring rate, K, is given by

K—ZNCKA (A-3)

The corresponding elemental metal mass of the bellows is

m =Tp tN D [TTa'l‘ (h—Za)] (A-4)
m m p m
where 0 is the metal density and the mean crown or convolute forming
radius is
a=(c- th)/z (A-5)

As the bellows vibrates in any one of its 2N_-1 longitudinal modes, fluid

is accelerated within the convolutes. The process of moving the fluid is
manifested as an apparent or added mass which must be taken into account

in calculating the frequencies at which a fluid-elastic instability is likely

to occur. This added mass is a function of the longitudinal mode number, N,



Q >

Q

NUMBER OF CONVOLUTIONS COUNTED
FROM THE OUTSIDE

NUMBER OF PLYS

MEAN BELLOWS DIAMETER

WALL THICKNESS (THICKNESS PER
PLY IF MULTI-PLY)

CONVOLUTE PITCH
CONVOLUTE WIDTH
MEAN FORMING RADIUS
MEAN DISC HEIGHT

Figure 1. Bellows Nomenclature.



That is
2N -1 -
m. =m < N + m N-1 (A-6)
f fl 2N -2 f2 2N -2
c c
h
where TTpf Dmh(Za-th)
rnfl - 2g (A-7)
and ”Dm pf h3
Mo = WK (A-8)

In these expressions p_ is the fluid density, g is the gravitational
acceleration constant, and

8= g-2tN (A-9)
p .

The mode number, N, ranges between 1 and 2N _-1. A reference
frequency for a particular mode number can be defined as

f (N) = (A-10)

The true modal frequency, fN’ is then obtained by multiplying the reference
value by the dimensionless frequency corresponding to the desired mode
number and system degree of freedom (Table 1).

It has been observed that flow excitation of a particular mode can occur
over a broad range of fluid velocities, which is termed the 'lock-in-range. "
In fact, if the modal frequencies are sufficiently close together, the lock-in
ranges may overlap, thus producing nearly continuous excitation of the bellows.
These lock-in ranges are estimated as follows. Extensive experimental
studies have revealed that the Strouhal number provides an excellent means
of correlating the vibration frequency, fluid velocity and bellows geometry
as shown in Figure 2. The Strouhal number is based on convolute pitch, 0.
For a bellows having a convolute pitch-to-convolute tip width ratio of Ao,
three values of the Strouhal number are indicated. Peak bellows excitation
corresponds to the curve marked Sg ., from which the critical flow velocity
may be calculated, i.e., crit

fN o
v (N) = (A-11)
crit So.. .
crit
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Similarly, the upper and lower values of velocity, which define the lock-
in-range are obtained from

ch
et e (a-12
and f o
R slzu (A-13)

As mentioned earlier, the stress indicator in Reference 1 contains
some approximations, which are justified when making preliminary hand
calculations. However, the complete equations (no assumptions) have been
included in the digital computer program. To this end, Equations a and c,
page 89, Reference 1 were replaced by

A =T(D b h%) (A-14)
1 N T N
= —— —— i —_ -
Cm N IR sin|> (A-15)
c c
where A is the projected convolute height area and C is the vibration

mode facfor. Utilizing these expressions in the derivation of the stress
indicator yields

+
o = CiCe Pa /n o N, ;th N , . T N (A-16)
N t N D N sin 5N
p m c C

where Cf = vortex force coefficient which is a function of A/C and is
obtained from Figure 3.

elbow factor to account for above average forces exerted
on bellows convolutes if an elbow located immediately up-
stream of the bellows.

C
e

Pd = fluid dynamic pressure

Q = dynamic amplification factor.

The first bracketed term in Equation A-16 is termed the '"bellows
operational parameter'. This parameter is used in conjunction with the

bellows specific spring rate and Table II to determine the dynamic amplification

factor (Figure 4), where specific spring rate is defined as
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Specific Spring Number Internal Media Curve

Rate Plies (see Note 1) No.
all ranges 1 low pressure gases 1
over 2000 lb/inz ] high pressure gases, light liquids 1
water, dense liquids 2
over 2000 1 hich light liguid 2
under 2000 1 1gt prezlssurel_gas-eds, ig iquids :

under 2000 1 water, dense liquids

over 3000 2 all 3
2000-3000 2 all pressure gases 4
under 2000 2 all pressure gases 5
2000-3000 2 all liquids 5
under 2000 2 all liquids 6
over 3000 3 all 4
2000-3000 3 all 5
under 2000 3 all pressure gases 5
under 2000 3 all liquids 6

Note 1: Low pressure gases will be defined here as being those

gases below 150 psia.

Light liquids will be defined as

having a specific gravity of less than 0, 2.

TABLE II

Applications Information for Use with Q Values
Data in Figure 4




SSR = —2_C (A-17)

The computer program currently calculates the stress indicator corresponding
to the critical flow velocity defined by Equation A-11.

If the internal medium is a gas, a radial acoustic resonance condition
is likely to occur, wherein the acoustic pressure fluctuations couple with
the vortex shedding process to produce a force amplification that is significantly
larger than would be predicted by the value of Q obtained from Figure 4.
Physically, these pressure fluctuations are attenuated at approximately a
constant rate for all vortex shedding frequencies less than the radial acoustic
resonance or cutoff frequency. In the vicinity of the cutoff frequency the
increased amplification must be taken into account since it results in much
higher bellows stress levels. To this end, the first mode radial acoustic
resonant frequency is obtained from Figure 5 for a particular bellows
geometry. This cutoff frequency is then compared with the predicted longi-
tudinal modal frequencies. The predicted Q value from Figure 4 is modi-
fied by a suitable constant for all longitudinal frequencies that exceed the
cutoff frequency. In other words, this adjustment of Q states that the radial
acoustic resonance is capable of coupling with higher longitudinal modes not
just at the condition where the frequencies coincide. Figure 5 is valid for
convolute pitch-to-tip width ratios of 1.4 to 2. 0. These values correspond
to total convolute thickness of 0.3 0 and 0.0 o0 (theoretical zero wall thick-
ness). In addition, Figure 5 is valid for fluid damping numbers, Dy of
the order of 10~ where D, = \)/ri c, V=T fluid kinematic viscosity

and c, = isentropic speed of sound.

A2 Equivalence of Theoretical and Computer Program Variables

This section is intended to establish the correspondence between
the analysis variables presented in the previous section and the computer
coded variables. Internally generated variables as well as curve fit
coefficients will be discussed in subsequent sections.

Analysis Computer Comment
Nc NC Number of bellows convolutes
Np NPLY Number of plys
o} SIGM A Convolute width
A ILLAMBDA Distance between adjacent

convolute crowns
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Bellows Cut-Off F

requency For First Mode Radial Acoustic Resonance



Analysis

Computer

Comment

h

H

T

DI

DO

RHOM

KA

CE

RHOF

DME AN

K

A

MMETAL

MFLUID!

MFLUID2

MFLUID

DELTA

STLO

STUP

STCRIT

Mean convolute disc height
Thickness per convolute ply
Bellows inside diameter
Bellows outside diameter

Young's modulus of bellows
material

Bellows material density
Overall bellows spring rate
Elbow loss factor

Fluid density

Mean bellows diameter
Elemental spring rate

Mean convolute forming radius
Elemental metal mass

Apparent fluid mass at low mode
numbers

Apparent fluid mass at higher
mode numbers

Apparent fluid mass
Internal convolute width
Strouhal number defining the
lower and upper bounds on

lock-in-range

Strouhal number for severe
excitation



Analysis Computer Comment
v
l(N) V(MODE, 1) Lower velocity bound on
ower

lock-in-range

V(N
ci‘it) V(MODE, 2) Flow velocity for maximum
excitation
V(N) :
4 r V(MODE, 3) Upper velocity bound on lock-
ppe in-range
Cf CF Vortex force coefficient
SSR SSR Specific spring rate
Q Q Dynamic amplification factor
SI SI Stress indicator
Yo, ri/CO FNCO Frequency number for first
mode radial acoustic
resonance
Weo FREQCO Angular cutoff frequency for
first mode radial acoustic
resonance
CO cO Isentropic speed of sound
Y GAMMA Ratio of gas specific heats
A.3 Curve Fit Requirements

When predicting the performance of complex systems it is frequently
necessary to describe experimentally observed relationships between two
or more variables through the use of empirical expressions, i.e., curve
fits. In predicting bellows flow-induced vibrations it was necessary to curve
fit the data shown in Figures 2, 3 and 4. To this end, all data in these
figures was fitted to a hyperbolic equation of the form

= +bt+tdx (A-18)

where k, a, b and d are the coefficients to be determined. Coordinate
pairs are input to the fitting routine, and the resulting equations are solved



simultaneously for the unknown coefficients. A listing of the curve fit

routine is included in the next section. Note that there is an option for
either a four- or eight-point fit. It was necessary to use an eight-point
fit only for the curves labeled 1, 2 and 3 in Figure 4 (Q-surface).

The curve fit coefficients for Figures 2, 3 and 4 are summarized
below in computer floating point format.

STUPK = 2.5352226 E-01
STUPA = 4.0487805E-01
STUPB = 2.2229595E-01
STUPD =  -3.4329268E-02
STLOK = 1. 1870422E-01
STLOA 4,6569343E-01
STLOB = 7.3139166E-02
STLOD = -7.9927007E-03
STCRITK = 4.3502697E-01
STCRITA = -6.1870504E-02
STCRITB = 3. 7269292E-03
STCRITD = 4. 0647482E-03
QK(1) = 4, 0873881E104
QA(1) = - 1,4052553E+02
QB(1) = 3.7419734E4101
QD(1) = -2,2574946E-03
QK(2) = 3.3980471E+04
QA(2) = - 1,7498692E102
QB(2) = 3.8783556E101
QD(2) =  -2,7034275E-03
QK(3) = 2.0081991E+04
QA(3) =  -1,4917770E+02
QB(3) 4,5393842 E+01
QD(3) = . 4,8689382E-03
QK(4) = 9, 8799884E+03
QA(4) = - 1,2489887E+02
QB (4) = 4,9950596E+01
QD(4) = - 6.8001116E-03
QK(5) = 7.8264710E+03
QA(5) = - 2,0682049E+02
QB(5) = 4,3576094E+01
QD(5) = - 4,0612929E-03



QK(6) = 2.3506969E104
QA(6) = -8.4432071E+02
QB(6) = 2.4773333E101
QD(6) = 1. 4810690E-03

A 4 Computer Program Structure and Listing

The computer programs listed in this section were written in
Fortran IV language for the CDC-6500 computer. In the form presented
here, the programs must be compiled each time they are submitted to
the computer; however, multiple runs can be accomplished at each
submittal. The user of this program may find it more convenient to
compile and store the program on tape, thus necessitating minor pro-
gram modifications.

Two program listings are contained in this section.
1) Bellows performance program and
2) Curve fitting routine (CURFIT).

The latter program, which was used to obtain the coefficients listed in the
previous section, is self explanatory. The source deck for the performance
program consists of a main program in which the majority of the calculations
are performed and two subroutines: CURVE, which is called from the main
program and contains the logic for selecting the appropriate curve on the
Q-surface (Figure 4) and ACOURES, which evaluates the first mode cutoff

or acoustic resonance frequency as a function of bellows geometry.

The execution structure of the program consists of the following
items in the order presented.

1) Program control cards - number and type of these
cards varies with the user facility.

2) Main program designated Program Bellow,

3) Subroutine CURVE

4) Subroutine ACOURES

5) End of record (EOR) card; multi-punch7-8-9 in column 1.
6) Data package containing one or more runs.

A End of file (EOF) card; multi-punch 6-7-8-9 in column 1.
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PROGRAM BELLOW(INPUT,OUTPUT, TAPELO=INPUT)

THIS PROGRAM GENERATES A THEORETICAL PREDICTION OF THE NATURAL
FREQUENCIES FOR A GIVEN BELLOWS INCLUDING THE FLUID FLOW
VELOCITIES WHICH PRODUCE FLOW-INDUCED VIBRATIONS(CEXCITATION) OF
THE BELLOWS NATURAL LONGITUDINAL MODES.

Xk %k Kk Kk k k k k k k k Kk k k k k kX k k k &k k Kk K kK * k & k kK k *x k %
INPUT

JFLAG = 1(CALCULATE KA), 2(USE EXPERIMENTALLY DETERMINED KA), KA
IS THE OVERALL BELLOWS SPRING RATE, LB/IN
NFLUID = 1(GAS), 2C(LIQUID)
NDEG = NUMBER OF BELLOWS LONGITUDINAL DEGREES OF FREEDOM, 2xNC=1
JMAX = NUMBER OF CURVES NECESSARY TO DESCRIBE O SURFACE
NC = NUMBER OF BELLOWS CONVOLUTES
NPLY = NUMBER OF PLYS IN THE BELLOWS CONVOLUTES
SIGMA = CONVOLUTE WIDTH, IN,
LAMBDA = DISTANCE BETWEEN ADJACENT CONVOLUTE CROWNS, 1IN,
H = MEAN DISC HEIGHT, IN,
T = THICKNESS PER CONVOLUTE PLY, IN,
I = BELLOWS INSIDE DIAMETER, 1IN,
00 = BELLOWS OUTSIDE DIAMETER, IN.
E = YOUNG'S MODULUS OF THE BELLOWS MATERIAL, LB/3Q IN,
RHOM = WEIGHT DENSITY OF THE BELLOWS MATERIAL, LB/CU IN.
CE = DIMENSIONLESS ELBOW FACTOR
IF NFLUID = 1(GAS), THE PERFECT GAS EQUATION OF STATE IS USED FOR
CALCULATING GAS DENSITY AT THE STATE DEFINED BY P AND TEMP,
IT IS ASSUMED THAT THE GAS PROPERTIES ARE KNOWN AT A REFERENCE
STATE DEFINED BY RHOFREF, PRFF, AND TREF,
P = GAS PRESSURE, PSIG
TEMP = GAS TEMPERATURE, DEG, F,
PREF AND TREF = REFERENCE GAS STATE, PSIA AND DEG, F,
RHOFREF = GAS DENSITY AT REFERENCE STAYE, LB/CU FT,
GAMMA = RATIO OF SPECIFIC HEATS FOR GAS
IF NFLUID = 2(LIQUID), THE LIQUID DENSITY MUST BE KNOWN APRIORI AT
THE LIQUID STATE(P AND TEMP)
P = LIQUID PRESSURE, PSIG
TEMP = LIQUID TEMPERATURE, DEG, F,
RHOF = LIQUID DENSITY AT P AND TEMP, LB/CU FT,
STUPK,STUPA,STUPB,STUPD = CURVE FIT COEFFICIENTS FOR UPPER BOUND
ON STROUHAL NUMBER VS, LAMBDA/SIGMA
STLOK,STLOA,STLOB,STLOD = SAME AS ABOVE EXCEPT LOWER BOUND
STCRITK,STCRITA,STCRITB,STCRITD = SAME AS ABOVE EXCEPT FOR OPTIMUM
OR CRITICAL STROUHAL NUMBER FOR BELLOWS EXCITATION
CFK,CFA,CFB,CFD = CURVE FIT COEFFICIENTS FOR VORTEX FORCE
COEFFICIENT
AK(J),GAC(J),0B(J),QD(J) = CURVE FIT COEFFICIENTS FOR THE DYNAMIC
AMPLIFICATION FACTOR(Q) SURFACE
DIMFREQ(J) = ONE DIMENSIONAL ARRAY OF DIMENSIONLESS NATURAL
FREQUENCIES AS A FUNCTION OF MODE NUMBER FOR NDEG BELLOWS
LONGITUDINAL DEGREES OF FREEDOM
*********************************
DIMENSION DIMFREQ(25),FREQ(25),V(25,3),81(25)
DIMENSION QK(6),0A(b),Q@B(6).QD(H)
COMMON NPLY,SSR,NFLUID,P,RHOF, JCURVE,BOP,Q
REAL NC,NPLY,LAMBDA,MFLUID1,MFLUID2,MFLUID,MMETAL,KA,K,MASS
***************i*******'ﬁ******‘ﬁ**
READ 1000
IF(EOF,60)5,10
STOP
READ 1030,JFLAG,NFLUID,NDEG,JMAX
READ 1010,NC,NPLY,SIGMA,LAMBDA,H,T
READ 1010,D1,00,E,RHOM,KA,CE
GO TO (1li,12),NFLUID
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le
13

15
C * %

es

30
35

36

37
38

40
45
50

55

60
C = =

bS

70

?5
80

PEAD 1010,P,TEMP,PREF, TREF,RHOFREF,GAMMA

GO 70 13

READ 1010,P,TEMP,RHOF

READ 1080,8STUPK,STUPA,STUPB,STUPD

READ 1080,STLOK,SYLOA,STLOB,STLOD

READ 1080,STCRITK,STCRITA,STCRITB,STCRITD

READ 1080,CFK,CFA,CFB,CFD

READ 1080,(QK(J),QA(J),QB(J),QGD(J),J=1,JIMAX)

READ 1020,(DIMFREQ(M),M=1,NDEG)

CALCULATION OF NATURAL FREGUENCIES AND EXCITATION VELOCITIES » =» x
PI=3,1%15927

G=32.174049

DMEAN=(DI+DO)/2.

GO TO (30,35),JFLAG

KASDMEANXEX (NPLY/NC)I®(T/H)%x*%x3

K=2.*NCxKAxl2,

A=(SIGMA=TANPLY)/2.
MMETAL=PI®RHOMXTANPLYXDMEANX(PIXxA+H=2,%A)/G

GO TO (3b,3?2),NFLUID
RHOF=RHOFREF*(P+14%,?)*((TREF+450,)/(TEMP+4560,))/(PREF%1728,)
GO TO 38

RHOF=RHKOF/1728,

MFLUID1=PI*RHOFXDMEAN®Hx(2 ,*A=TaNPLY)/(2,*6G)
DELTA=SIGMA=2 , *TxNPLY
MFLUID2=PI®RHOF*DMEANX(H*%x3) /(3. xG*DELTA)

X=LAMBDA/SIGMA

STLO=STLOK/(X=STLOA)+STLOB+STLOD%X

STUP=STUPK/ (X=STUPA)+STUPB+STUPD=®X

STCRIT=STCRITK/ (X=STCRITA)+STCRITB+STCRITO*X

AMODE=1.0

DO b0 MODE=1,NDEG
MELUID=(MFLUIDLI*(2,%*NC=1,=AMODE)+MFLUID2*(AMODE=1,))/(2.%xNC=2,)
MASS=MFLUID+MMETAL
FREQ(MODE)=SORT(K/MASS)*DIMFREQ(MODE)/(2.*PI)

DO &5 J=1,3

GO TO(40,45,50),J

V(MODE,J)=FREQ(MODE)*SIGMA/(STUPx12.)

GO0 TO SS

V(MODE,J)=FREQ(MODE)*SIGMA/(STCRITx12.)

GO TO SS

V(MODE,J)=FREQ(MODE)*SIGMA/(STLO®12,)

CONTINUE

AMODE=AMODE®+1,

Kk *k k% k k %k Kk KX Kk * K% * Kk * * *& Kk K* K* Kk & x & kX Kk kX Kk kX Kk Kk kX X
THEORETICAL STRESS INDICATOR FOR CRITICAL STROUHAL NUMBER
CF=CFK/(X=CFA)+CFB+CFDxX

SSR=KA*XNC/(DMEANXNPLY)

CALL CURVE

IF(NFLUID.EQ.1) bS,?70

PI=DI/2.

HRIz=H/RI

CO=SQRT(GAMMAXx(P+14%.?)%xG/ (RHOF%x12.,))

CALL ACOURES(HRI,RI,CO,FREQCO,QADJUST)

AMODE=1.0

DO 200 MODE=1,NDEG
BOP=CFXCE*RHOF*(V(MODE,2)*x*x2)*x((H/T)x*2)}%x12,/(2.*NPLY*G)
0=QK (JCURVE)/(BOP=GA(JCURVE))+QB(JCURVE)+BOP*QD(JCURVE)
IF(NFLUIDLEQ.1)?5,80

IF(FREQ(MODE).GE.FREQCO) @=Q@*QADJUST

SI(MODE)=ROP*xQ* (NC/AMODE)*((DI+H)/DMEAN)*(AMODE/NC+SIN(PIXAMODE/ (2
1.%xNC)))

AMODE=AMODE+].,
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200 CONTINUE
PRINT 1000
PRINT 1040,SIGMA,LAMBDA,H,T,DI,DO,NC,NPLY,E,KA,RHOM,P, TEMP,RHQOF , NF
1LUID
PRINT 1050
PRINT 1060
DO 210 MODE=1,NDEG
210 PRINT 1070,MODE,SI(MCDE),FREQ(MODE),V(MODE,1),V(MODE,2),V(MODE,3)
IF(NFLUID.EG.))215,1
215 PRINT 1090,FREQCO,QADJUST
GO TO 1
1000 FORMAT(80OHI1
1 )
1010 FORMAT(BElR.b)
1020 FORMAT(10F?.3)
1030 FORMAT(S5I3)
1040 FORMAT(1HD,29X,18HBELLOWS PARAMETERS/
1H0,18X,26HSIGMA(CONVOLUTE WIDTH, IN),11X:F6.3,/
19X, 27?HLAMBDA(CONVOLUTE PITCH, IN},10X,Fb.3,/
19%X,23HH(MEAN DISC HEIGHT, IN),14X,Fb.3,/
19X, 30HT(CONVOLUTE THICKNESS/PLY:, IN),?X,Fb.3,/
19X,23HDICINSIDE DIAMETER, IN),14X,Fb,3,/
19%X,24HDO(OUTSIDE DIAMETER, IN),13X,Fb.3,/
19X, 2%HNC(NUMBER OF CONVOLUTES),1e2X,F?7.3,/
19X ,21HNPLY(NUMBER OF PLIES)Y,1SX,F?2,.,3,/
19X,28HE(YOUNG'S MODULUS, LB/SR,IN),4X,ELl1.%,/
19X, 30HKA(OVERALL SPRING RATE, LB/IN),6X,F?2,3,/
19X, 32HRHOM(MATERIAL DENSITY, LB/CU,IN),4X,F?2.3,/
1HD,30X,16HFLUID PARAMETERS/
1H0,18X,1 ?HP{(PRESSURE, PSIG),18X,F?7.3,/
LA4X, 2YHTEMP(TEMPERATURE, DEG F),12X,F?.3,/
19X, 29HRHOF(FLUID DENSITY, LB/CU.IN),3X,Ell.%,/
19X, 23HNFLUID(1=GAS, 2=LIQUID),19X,I11,/
1HO,23X,31HTHEQORETICAL BELI.OWS PERFORMANCE)
1050 FORMAT(1HO,?9HMODE NO, STRESS INDICATOR NATURAL FREQUENCY F
PLOW EXCITATION RANGE,FT/SEC,/
3 3bX,2HHZ » 14X, SHLOWER,5X,BHCRITICAL »4X,SHUPPER)
1060 FURMAT(1HN)
1070 FORMAT(3X,12,8X,E1)l%»9%X,FQ,3,5X,3F11.3)
1080 FORMAT(4Fl4.8)
1090 FORMAT(///,3X,46HFIRST MODE RADIAL ACOUSTIC RESONANT FREQUENCY=,FAQ
1.3,8HRADJUST=,FS,2)
GO 70 1
END
SUBROUTINE CURVE
DIMENSION DIMFREQ(2S),FREQ(2S),V(25,3),8I(2S)
NIMENSION OK(b),0A(6),Q@B(b),QD(H)
COMMON NPLY,SSR,NFLUID,P,RHOF,JCURVE,BOP,Q
REAL NC,NPLY,LAMBDA,MFLUID1,MFLUID2,MFLUID,MMETAL,KA,K
IF(NPLY.EQ.1.)180,10
10 TF(NPLY.,EQ.2.)90,20
20 IF(SSR.GT,.3000.)30,40
30 JCURVE=Y
RETURN
4“0 IF(2000..LE.SSR.,AND,SSR,LE.3000.)50,60
sn JCURVE=S
RETURN
60 IF(SSR.LT.P000.,.AND,NFLUID,EQ,1)70,80
20 JCURVE=S
RETURN
80 JCURVE=se
RETURN



0 IF(SSR.GT.3000.)100,110
100 JCURVE=3
RETURN
110 IF(NFLUID.E@.,1)120D,150
leo IF(e00U..LE.SSR.AND.SSR.LE.3000.)130,1%0
130 JCURVE=%
RETURN
140 JCURVE=S
RETURN
ieD JCURVE=S
RETURN
170 JCURVE=®
RETURN
180 IF(NFLUID.EQ.1.AND,P.LT.150.)190,200
190 JCURVE=1
RETURN
200 TF(S8SR.GT,2000.,)210,2b0
210 GO TO (220,230),NFLUID
220 JCURVE=1
RETURN
230 SPGRAV=RHOF/(b2.4/1728.)
IF(SPGRAV,.,LT.D.2)240,250
240 JCURVE=1l
RETURN
250 JCURVE=2
RETURN
2b0 GO TU (270,280),NFLUID
270 JCURVE=e2
RETURN
280 SPGRAV=RHOF/(62.%4/1728,)
IF(SPGRAV.I.T.0.2)290,300
290 JCURVE=e
RETURN
300 JCURVE=3
PETURN
END
SUBROUTINE ACOURES(X,Y,Z,FREQCO,QADJUST)
PI=3,1%415927
HRI=X
RI=Y
co0=2
IF(HRI.LE.O0.55) GO T0O 20
10 FNCO=1.972=1.222%HRI
GO TO 30
20 FNCO=3.,8=%,54%5%HRI
30 FREQCN=12.xFNCO*CN/(2.%PI*RI)
QADJUST=S,
RETURN
END
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PROGRAM CURFITUINPUT,OQUTPUT, TAPERO=TINPUTY)

KAHRD CUrVE FITTING ROUTINE

N=]l ===== ACCEPTS DONLY FODUR X=Y PAIRS AS INPUT
MZ{) mewe== ACCEPTS EIGHT X=Y PAIRS AS INMPHT

TF EIGHT X=Y PAIRS ARE UJSFD, THE FIRST TwNO X=Y PAIRS
(I.E.,X1=Y1l ANI} X2=Y2) MIST BE THE TwU END PUINTS ON THE CURVE
REING FITTED

DIAENSTON X(8),Y(H),v((8)

READ Q{1 , N

I+t (EOF,h1)Q999,1019

CONTINUE

FORMAT(Ie)

READ 1ND6#X(L) Y1) X(2),Y () XC3)oY () yX(H),Y(H4)
TIF (M,ew. 1) GO TU 110

READ 106sX(S)sY(B) e X(b) s Y(RIoX(?2)sY(?),X(RB)rY(8)
FORMAT(BF10.4%)

READ L11,X1,DELX,XF

FORMAT(3Fb,.3)

X1=X(1)

x2=X{)

Yi=vy(1l)

yé=vy(e2)

TF{ NJ.LTe 1) GO TO 1e2n

x3A=x(3)

Y3a=y(3)

X4=X{4)

Y4sY (%)

GO TO 12%

TLOOP=1

FRR=U.

PO 4720 I=3,7?

x3=x(1)

y3az=y(I)

L=7T+1

NG 420 J=L.,8

x4z=x(.J)

Y=y (J)

Rie=l./(x1=X¢2)

R13=1./(x1L=x3)

RI%=L./(xl=X4)
ALPHA=X]1*Y]1 % (RL2=R13)=X2*YP*xrR1P+Xi*xYIxP13
RETAZSX]I*Y 1 *x(R)1P=H1Y}I=X2xYRPAN]2+X4xYUAK]Y
GAMMAZ(Y1l=Y2)%RLl2~(Yl=Y3)*xK]l3
DELTA=(Y1=Y2)*xR)12=(Yl=Y4)%xR1ly

FPSIL=Xe=X4

FETA=ZXA=XY
AT=(BETA/ZETA=ALFRA/ZEPSTI )/ (DELTA/ZETA=GAMMA/ZERSIL)
NT=(ALPHA=ATXGAMMA) /£ PSTL
RTI=(X]1*7)~X2xY2mATHk(YLmYR)=DTh( X1 *X]1=XPkXP~AT*x(X1l=XR)))*R12
AKTEX]*Y L =ATAY  =HTAX 1 +ATAHT=DTxX X1 +ATxTxX]
FRRT=I,

TF(NJEG, 1) GU TO 458

TF (AT=x1)39N,390,3hN

IF (XP=AT)390,39n,420

NO 410l K=3,8

YC(R)ISAKT/Z(X(r1mAT ) eRT+DTAX(K)
FRRTISERRT+4B8S(YC(n)=Y(r))

GO TU (40G5,410) ,1LUOP

[LOOP=R

GO TU 419

TF(ERRT=FRRI% 1S, 42N, 40

A=AT



420
425
%30

%35
440
445
45N

$65

qqq

R=KT

n=hHT

AK=AKT

FRRzZERRT

CONTINUE

PRIMT 43N,AK,A,BR,D
FURMAT(LHL ,4EPIILH)
YY=¥X]

YYSAK/ (XX=8)+B+N*xxX
PRINT 445, XX,YY
FORMAT(PE20,4,8)
YXEXX+DELX
TR{XX=XF)435,435,100
A=A

R=RT

nN=nhT

ARZAKT

CO T %25

CUNTINUE

STUpP

Fran



A-22

A.5 Data Input Package

Instructions for preparation of a data input package are located at
the beginning of the PROGRAM BELLOW listing. An experienced programmer
will have no difficulty in constructing the input, but for the inexperienced
user the following supplementary remarks may be useful.

Input Card 1

This card is an identification card on which the user can place
information that will aid in identifying and classifying the run.
Any alpha-numeric characters can be placed in columns 2 through
80. Column 1 must either contain a 1 for printer carriage
control or be left blank.

Input Card 2, Word 4

JMAX is the number of individual curves necessary to describe
the Q-surface (Figure 4). As shown in that figure TMAX = 6.
If future data indicate that more than six curves are necessary,
then the dimension statement pertaining to Q must be altered
accordingly.

Input Card 4, Word 5

KA may be left blank if JEFLAG =1

Input Group 10

The curve fit coefficients for the Q-surface are read in at a rate
of four words per card, i.e., QK (1), QA (1), QB (1), QD (1) are
punched on Card 1 of Group 10; QK (2), QA(2), QB(2), QD(2)

are on Card 2 of this group. Reading continues per this format
until IM AX sets of coefficients have been read in.

Input Group 11

To input this group the user first calculates the number of bellows
longitudinal degrees of freedom: 2NC-1. Using Table I, locate
the row corresponding to the calculated degrees of freedom. This
is the row that must be read into the program as DIMFREQ(M).
Read-in is accomplished at a rate of seven words per card, and the
reading progresses sequentially from the lowest mode number

to the highest, e.g., if 2NC -1 = 15, then

DIMFREQ(1) = 0. 199



DIMFREQ(15) = 1.99

A.6 Example Problem

Listed below is an input data deck constructed in accordance with
the instructions presented at the beginning of PROGRAM BELLOW. The
notations that appear incolumns 73 through 80 serve to identify the data
group in each card. Following this listing is the corresponding computer
output. The output is grouped into three sections. The first group
summarizes the pertinent bellows input parameters. For this example,
only the overall spring rate, KA, was generated by internal combustion.
The next group summarizes the fluid parameters. The next group
contains the predicted longitudinal bellows performance. Bellows lock-
in-range for a particular mode of vibration is defined by the upper and
lower flow velocities. Stress indicator was calculated based on the critical
flow velocity for each mode. Note, that for this particular bellows con-
figuration, the lock-in-ranges for successive modes overlap, which indicates
a more or less continuous spectrum of excitation velocities. Note also that
all performance variables at a mode number of 17 are less than the
corresponding quantities at the previous mode number. Physically this
behavior is accounted for by the fact that the apparent fluid mass is increasing
at a faster rate than the dimensionless frequency numbers in Table I for
this 17 degree-of-freedom bellows.



MO0HUAd VIVA LNOdNI

A-24

cT=TTWIA 2bb*1T bbbl TEL*T be&*T 2T8°T 2E¢°T BE9°T
OT=T WIQ 2ES°T HTH°T S82°T (41T 00GO°T S48° 489° CRET ¢ hE® hel®
(9=r)0 20=0b0TBHhT "+ 2O+EEEELLHR "+ EO+TLUCEHNHB = SU+bYbLYUSER"+
(s=r)o 20=beb2T9Uh"= 20+hbUQLSER "+ FQ+4bhD2890U2" = H0O+0TLHh928LE "+
(#=r)0 20=YTTTUD89 = 20+9bSUShbbh*+ EU+(BBLBH2T "= hU+HhBELLLBL "+
(e=r)o P0=CHELBIU N "= CO+4ChBELESH "+ EO040¢LeTbhT®= SU+TbbTHODR "+
(2=0)0 C0=SL2HhEDLR = 2O0+9SSEBLBE + EU+CbY9Bbhe¢ T = SU+TLHhOBLEE®+
(1=0)o CO0-Ihbhe 922 = CO+hELLTHLE + EUHESSESOhT = SU+TEBECBUM 4
42 D0+00000bbE = TU+00009hhe = 20400000592+ EOQ+000UBSHBT -
114218 20=2B8heh904°+ 20=Cbdby2¢E’+ [U=h050¢HT9°= DU+LbI2USEHL"+
0718 20=¢00¢2Pbbe®= TU=99TLETEL "+ OU+EHELYSIHh "+ QU+2240¢BTT +
dNis TO0=892b2EhE "= UD+SbSbC2ce "+ 0U+S08¢BH0H°+ 00+92229E52+
d 20+008229°+ 2040000UCL"+ 2U+V0UDOE"+
14 TO+0000UT*+ 004000000+ 0U400UDB2®+ BO+0UUUBR"+ TU+DOU2ER*+ TU+UOUBBLT"+
IN 20=000009°+ UU+U0009T*+ CU+00U0KC*+ T0=-0000SbL"+ TO+UOUOUT®+ TO+UOUDODL*+

9 ¢T 2 1

9I8d Ot QONV 40¢ Lv d31vM HLIIM 90T °CN SMOTT3H “LNOX3I3IHI WVHI0M¥d SMOTI38T



hELLNWS PROGRAM CHECKOUT,

MODE

YR

L£L 00~ T N+

1

— -
WD

— -
~ T G+

RELLO®S WO,

SELLOWS PARAMETERS

SIGMA(CONVOLUTE WIDTH,
LAA4DA(CANYNLUTE PITCH,
H(MFar DIS8C HEIGHT, IM)
TCONVOLUTE THICKNESS/PLY,
DI(TNSIDE DIAMETER, IN)
NO(OUTSTIDE DISIETER, IN)
ME(NUMAER QF CONVOLUTES)
NRLY{NUMARER OF PLIFES)
E(YOUNG'S MDDUILUS, LB/SRA,IN)
KA(OVERALL 8SPRING RATE, LB/IN)
FAUM(4ATERIAL DENSITY,

IN)
IN)

IN)

FLUID PARAMETERS
P{(PRESSURE, PSIG)
TEN2(TEHMPERATURE, DEG F)
RHOF(FLIID DFNSITY, LB/CULIN)
NEFLDID(1=6AS, 2= IQ0UID)

106 WITH WATER AT

LR/CU.IN)

A-25

?0F AND 30 PSIG

.114S
240
+160
.006
1.380
2.320
9,000
1L.00un
2.8000E+07?
352,73%
.280

30.000
?0.000
3.604%2E=D02
)

THEORETICAL BELLUWS PERFORMAINCE

NN, STRESS INDICATOR HNATURAL FREQUENCY
HZ
2. IHIHE+NY h8Y%.829
b NYH?E+NY 13%0.388
He?S832E+NY 196K .825
1.3%13E+05 2553,.256
l1.b808E~+05 3lneP.?09
1.96bhE+NS 3bl3.754%
2.1?7%b+n5 t081.%1¢
2.2950E+05 $504.,4249
2.3307E+N6S $a28R5,10b
2.290%E+N05 S5218.34%1
2.1929c£+15 5503,189
2.0SbbE+NS 5741.kh33
1.3N008%E+N5 5429,13%
1.?7412E+nS bN?Neb4Y
1.5#91t+76 blbl.8213
1.450bE+05 b2N7?.5?¢2
1.328t4+05 veflh,3HE

FLOW EXCITAYION RANGE,FT/SEC

LOWER CRITICAL UPPER
21,255 29,7% ¥9,04n0
+].k20 58,30b 9b,027?
bl,04% BS,517 140, 84%%
79,245 111,015 182,R83R
96.298 134.905 222,184
112.159 157.10P% 258,780
126,674 177,458 292.2hR
139,803 195,851 322.561
151 .b156 2le.348 349,814
161,960 2db . 892 373.h83
1?2n.801 n3Q.27? 394,081
178,201 24,644 $11.156
18+,018 es?.72492 424,576
188,413 2b3,8%3 44,7217
191,243 2b7.914% Y41l .24%b
132,663 2b3.803 ‘44,522
192,626 2b49.861 44,437






APPENDIX B

DESCRIPTION OF TEST BELLOWS






——— LL — B-1
—J +
t 1
Dm - Dj
1 |
ttw
A
Nc = Number of convolutions counted
from the outside.
Np = Number of plys
Bellows Number D, D, D, LL N, Np h A 9] t
#101,102,105,112 1.49 2,22 1. 85 1.80 7 1 351,261,125 1
#103,104,110,114 1.46 2,03 1. 74 1.77 8 1 L271.22].144 Gl
P/N-08047, #106 1,98 2,32 2.16 2.15 9 1 .16 .24 . 095 0O0F
P /N-08049, #107 1.97 2.33 2.15 2.15 9 2 1,171 .241].140141.00¢
P/N-08051, #108 2.00 2.34 2.17 2.15 9 3 [.151.241.140 .00
P/N-08052, #113 1.99 2,45 2.22 2.41 14 1 .22 .171.090].013

Note:

dimensions.

DIMENSIONAL DATA FOR TEST BELLOWS CITED

These dimensions are for geometric description
only. Actual dimensions for a particular bellows
may vary somewhat from these representative
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[T

Heat Transfer Program Listing

ARG L -1 PUTLOLTRUT)

REAZ 2evsd1aTCeSIGeFRC, TS, FF,FLW,Z:FF
TP Ty Fr,4)

Mx( 1+372/2,

ELLzT #F Co{(D0=01)/2,)+{2,#FNC=1,)0516
AvE(Y,14eDN8F L)/ 1440

Fhazt 24

44134, 23aF LeFKA/12,0
AAD=C, 2 uF | 4FKF/17 ., "

RRaB"/?,.

RYa( ("M {SReELa)/=R}I)7AAL

Onas L4

VIS .s3.2%~"8

CPNz.475

EXKNE," 7 %

REs(CNevedl)/(12932,28VISN)

FCs, 13

FPRa3(yIS . #CPN/Fx\}#3630e32,2
FPRe(FF/F D) aFPR

ax1,%/(FPRas ,167)

BaFpr -1 ,"

FANUS( "3 4a(RE®s" 78)10FPRI/(1.0¢(A/(RE 00.125)) & H)
Frle(F : #F<\e812,7)/20

R4wL, I/ (FHlasa)

PRINT Ja,F=1, ER TR
FORMATINIX,F1d:4,2F10,.8)

A132,527 %

AZ9-309,7733¢

438,164411"1

443-,07313492

4582,93571  3F=05

Abw~1 4238457 E~(7

4782,73752 26-11

Cavytsn,~

CAY231,5

Cavvipl,r

Cav-7:3,"°

rfPR(S,a0VaeR)/ (b4, 40144,)

FLF=" "

roa~243,"

Fwia?,

RLeL L/ (FmDsaw)

Q123 @ {QI/(RReF - eF(F))

Q2u(, LNG({2ReFLweFLF)/(RReFLW)))I/AA2
D3R{eR7e 3434

Az (T =TS/~

TFaT - e~}

THlsTS+0R4

TR3T 14459,6

TeT /L,
»TV=:;oAf/’(oA]cT(OAGoYKliz*ASOTVO'ltﬁb'YK'"‘A7'TK"5
FRyzla p a{in,DeesyTu)

Epny=FP eCrym1enP

FPr2aFB eCusym2oD»

FPv1sFF. el v 180P

FPY¥2eFPyelryv2epP

PRINTS
FORVaT(2F1,2,4F10,8,3F13,6,8F6,2)
FrHO3F-" e, "
tFLF=0=2%:"13,3,4
TOaT eay,
LF(TC=302:7)7: 7,4
FLFzFLFe '8
TF(FLF=2,5)5,5:9
TEL2-1: M11.6.6
co T Ve

arrg

[

Gonvolute Width, Number of Convolutes, Stream Temp,
Bellows Friction Factor, Wall Thickness and Frost Conductivity

wifl"ﬂimﬁt&fz length
Wall area

<|:Read: Flow Velocity, Bellows Inside and Outside Diameter
=~ Wall Conductivity

— Wall Resistance
- LN, Denaity
igcogit
- L‘Ni pec? ic Heat
— LNz Thermal Conductivity
— Flow Reynolds No.
— Smooth Pipe Friction Factor

— Prandtl No.
— Modified Prandtl No.

— Nuaselt No.
— Inside Convection Coefficient
— Inside Resistance

:[Cavitation Number Range at
Zero Strain
Cavitation Number Range
at Maximurn Strain
— Dynamic Pressure
— Initial Frost Thickneas
Initial Environmental Temp
~ Initial Qutside Convection Coefficient

— Qutaide Resistance
T Frost Resistance

~ Total Resistance
~~ Heat Transfer
— Qutside Frost Temp

~ Inside Wall Temp

— Vapor Pressure at TWI
Pressure Range at
Zero Strain

Pressure Range at
S0 TS, FMN,RLLR2LR, 3, TEL,Ts]1,FPV,FROLFPD2,FPYL,FPPR Maximum Strain

— Change Outside Convection Coefficient
-~ Change Environmental Temperature

~~ Change Frost Thickness
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S-1I LOX PRE-PRESSURIZATION FLEX HOSE STUDY






Introduction

Tests of the S-II LOX pre-pressurization hose were conducted at
SwRI in support of the North American effort discussed in Reference 21.

Three hoses from the pre-pressurization system line were tested;
part numbers of these items are listed below:

PN-ME271-0017-0094 (1 Solar and | Anaconda tested)
PN-ME271-0017-0093 (1 Anaconda tested)

Table I shows North American, Space Division, data of the reported
nitrogen flow conditions throughout the pre-pressurization system. These
values were assumed to be ''stage rated conditions' for these hoses. The
tests of these hoses consisted of further detailed sweep tests for various
system pressures and hose mounting conditions, plus dwell tests at stage
rated conditions. Nitrogen was used for all testing since it had been
earlier established that this created a more severe condition than the pre-
launch helium flow.

Results of Detailed Sweep Tests

Detailed sweep tests were conducted on both the Solar and Anaconda
0094 hoses. These tests provided dynamic convolute strain data as a
function of internal flow velocity and pressure. Strain was monitored with
two gages on each hose; one was mounted near the upstream end and the
other near the downstream end of the hose. Tests were conducted to
determine the effect of measurement location. Also, some tests were
conducted to determine the effect of axially stretching the hose to provide
additional "'fixity'' of the convolute tips. Results of these tests are given
in Figures 1 through 5, and several significant observations are outlined
below:

(1) From Figure 1 it may be seen that the strain at the
downstream measurement point is considerably higher
than that at the upstream point. The reason for this is
apparently because of the difference in velocity at the
two points caused by the rather large pressure loss,
hence density change, along the hose. This trend is
consistent for both hoses and probably explains, at
least in part, why the Solar hose on the stage failed
near the downstream end. It also indicates that any
future monitoring tests of flex hose with high velocity
gas flows should employ strain gages mounted near
the downstream end.



(2) Comparison of Figures 3 and 4 indicates that the Anaconda
hose is possibly more sensitive to pressure in the high
velocity region above about 450 fps, since the strain levels
increase more drastically as the pressure increases than
with the Solar hose. This is probably caused by the double
braid on the Anaconda which tends to provide less fixity
at low pressure than with the Solar.

(3) From Figure 4 note that the strain is increasing very quickly
with velocity in the vicinity of the rated 480 fps point. In
fact, the strain at 150 psia and 510 fps is actually considerably
higher than at 177 psia and about 480 fps. As noted later,
the dwell tests were biased toward a higher velocity to be
conservative since actual stage conditions are not precisely
known.

A sweep test was also conducted on the 0093 hose, but because of the
much less severe operational conditions (see Table I) no significant acoustic
resonance was encountered, hence the dynamic strain levels were low.

The system pressure was nominally 300 psia for this sweep, and the
velocity was varied up to about 300 fps; this corresponds to the worst
condition for the 0093 hoses shown in Table I (see Stations 7 and 8). The
highest strain level observed during these tests was about 75 s (peak to
peak).

Dwell Tests

Dwell tests were conducted on the Anaconda 0094 and 0093 hoses.
The objective of these tests was to verify that the hoses could withstand
two life cycles at rated flow and pressure without a failure. The time for
each cycle was 195 minutes.

The first dwell test was conducted with the 0094 hose. A total dwell
time of 195 minutes was accumulated in segments of about 20 to 30 minutes;
the limiting factor here was a gradual heatup of the loop blower lube system.
Between each dwell segment the system was run at a very low velocity to
allow the blower to cool. Data monitored periodically throughout the test
included pressure and temperature immediately downstream of the hose,
temperature and pressure at the flow measurement orifice, convolute
dynamic strain, and on occasion, acceleration at the end of the hose. Flow
velocity was closely maintained between 480 and 500 fps throughout the test.
Pressure varied from about 160 to 170 psia, and these conditions produced
a dynamic strain level slightly higher than that observed at the rated con-
dition of 470 fps at 187 psia. We are confident that the dwell was conducted
at conditions which were as severe as those which might be encountered on
the stage if the data in Table I is representative. Throughout the dwell test,
the hose was enclosed in a plastic bag so that a leak could be detected shortly
after it was initiated.




The peak strain level observed on this first dwell test was in the 1000
to 1200 s range, and was consistent with time as the test progressed. We
were unable to monitor strain for the entire test because of failure of both
gages, however, previous test results had definitely shown that the results
were repeatable over a long time for a given velocity and pressure. Following
this first dwell test, the hose was pressure tested to verify that no leaks
had developed.

Two dwell cycles were conducted on the 0093 hose following the initial
0094 hose dwell to allow time for repair of the strain gages on the later hose.
Each cycle was continuous for 195 minutes with no periodic cooling required.
The dynamic strain level stayed relatively constant at from 50 to 75 s. No
failure occurred.

The final dwell of the 0094 resulted in no failure of that hose and, as
in the first dwell test, the strain gages failed before the test was concluded.

One significant observation of the 0094 tests was the continual gener-
ation of a ''red powder'. This powder appeared to be caused by some fretting
action between the vibrating convolutes and the braid covering. The gener-
ation of this powder was more pronounced near the downstream end of the
hose than near the upstream end. Recall that the dynamic strain was greater
at the downstream end. We feel certain that when the braid is removed irom
this hose, score marks will be evident where the braid contacts the convolutes.
These contact points are likely where this ''red powder' is generated.

Conclusions

Both hoses withstood two dwell cycles of 195 minutes each at the
respective rated flow conditions. The strain levels observed with the 0093
hose were too low to ever induce a failure. The dynamic strain for the
0094 was, however, of a significant level and could, we believe, eventually
cause a failure at the rated conditions. A contributing factor could be the
possible fretting action between the vibrating convolutes and the braid.
Should velocities higher than 480 to 500 fps occur, a failure could well be
realized in one 195 minute cycle.

We concluded that the 0094 hose {Anaconda) was ''borderline adequate"
for the job so long as the rated conditions (Table I) are not exceeded. It
was recomme nded that the hose be replaced, however, prior to launch,
or following the nitrogen operational cycle.



LOX TANK PRE-PRESSURIZATION SYSTEM

Q\n PRE-PRESSURI-

ZATION PORT

POSITIVE PRESSURE PORT
(AUXILARY PRESSURE PORT)

ME271-0017-0093
FLEXIBLE HOSE

—— PRE-PRESSURI-
ZATION SOLENOID

VALVE
MEZ271-0017-0093
FLEXIBLE HOSE
ME271-0017-0094 P/@
FLEXIBLE HOSE
1 R ye—
O\
@3
— 0.78 I.D. ORIFICE
El'j (SONIC CONDITIONS THRU ORIFICE)
TO TANK
w = 1,9 LBS/SEC a=1150 FT/SEC
GN2 Gas Temperature = 75°F
Station M Velocity Static Pressure
Mach No. ft/sec psia
1 .203 234 375
2 . 204 235 373
3 . 208 239 366
4 .210 243 362
5 .215 248 354
6 222 255 343
7 . 248 285 307
8 .255 293 298
9 . 344 396 258
10 .407 470 187
M = Mach number dimensionless
P = GNp Static pressure, psia
v = GNj velocity, ft/sec VELOCITIES AND PRESSURES
N/A = Not Applicable ARE BASED ON LINE I.D. =
a = Acoustic Velocity, ft/sec 0.93 INCHES

TABLE I. NITROGEN GAS FL.OW DATA FOR 0093 and 0094 HOSES
(from North American Briefing Report dated 27 May 1970)
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APPENDIX E

DATA COMPILED FOR PRESSURE LOSSES IN BELLOWS AND BENDS






E.1 DATA COMPILED ON PRESSURE LOSSES IN BELLOWS

A considerable amount of data has been compiled on pressure
losses in both straight flexible hose sections and curved flexible sections.
This information was obtained from References [22-29:’. In gathering
this information we were aided considerably by the list of references given
in a bibliography compiled by Belcher [3 O], and the reported results of
studies recently completed at Mississippi State University [23:] and
Louisiana State University [26:] on pressure losses in flexible hose. All
significant data and other information compiled for straight section flexible
hose is given in Section E. 2 while that data compiled for curved section
flexible hose is presented in Section E.3. Also given is the convolute
dimensional information for those cases where it was available. In some
instances, it will be noted, we have taken the liberty of simply reproducing
the original data for the purpose of this report. Note also that the data
includes both water and air as test fluids. From an examination of this
data the following preliminary observations have been made:

(1) Test results for which the convolution geometry remained
similar while the hose diameter changed show the Reynolds
number * VA/v, which is based on convolute spacing, to
be a good parameter for correlating the data from the

standpoint of the location of the critical Reynolds number,
that is the point where the friction factor begins to rise.

* It will be noted that, since there is geometric similarity, a Reynolds
number based on any convolute characteristic dimension will do, i.e.,

Vo Ve
or
Vv

also.



(2)

This is demonstrated in Figure E-1 which is a replot
of Figure E-5 but with the abscissa being VA/v_rather
than VD/V. The data from References |25, 26
(Figures E-7 thru E-27) also display this trend. For
each of these sets of data there is geometric similarity
in the convolute design. When, however, there is po
geometric similarity as for the data of Reference |1
Figures E-1 thru E-4) then convolute geometry must
enter the picture more strongly. Preliminary results
show the parameter

o)

€
R T %

may be useful.

From Pepersack's data which is really the only data
available comparing convolute geometry, the following
trend is noted; for both the air and water data, the
Dunbar-Kapple hose has lower f values than the others
at high Reynolds numbers (above about R = 10°) but
tends to have higher f values at low Reynolds numbers.
Since high Reynolds number flows are of major impor-
tance, the Dunbar-Kapple design appears better than

the other two. The sketch below shows the convolute
geometry for the three types of hose; the highe st pressure
loss seems to occur for the tear-drop design. Note that
one other characteristic of the Dunbar-Kapple hose is
that the Reynolds number at which the friction factor begins
to rise is typically higher than for the other hoses.

Dunber-Kapple W

Flexonics w
Titeflex gm

Comparison of Convolute Geometry for the
Three Hose Types Tested by Pepersack EZZJ.
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(3)

Based on the discussions (1) and (2) above, and on
further examination of the data given in Section E. 2,
it has been concluded that the universal prediction
methods suggested in References TZ(), 28 | (Figures
E-28, E-29 and E-30) are not accurate for all types
of hoses.



E.2 PRESSURE LOSS DATA FOR
STRAIGHT SECTION FLEXIBLE HOSE
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Figures E-8 thru E-29, Reference [26], Water and Air

Note: The friction factors given in these figures are Fanning friction
factors and are therefore 1/4 as large as the Darcy-Weisbach
friction factors given in the other figures. Thus

Fanning friction factor, ' =

(1/4) x Darcy-Weisbach friction factor, f.

Hose Dimensions

Hose D A € ol

Annular Hose

NASA 11 0, 551 0.125 0.156 0.0781
" 21 0,771 0.156 0.1875 0. 0937
" 31 0.0102 0.181 0.219 0.1094
" 41 1.266 0.1875 0. 234 0.125
" 51 1.483 0.219 0. 250 0.125
. 61 2.046 0.250 0,297 0.172
" 71 2.565 0.3125 0. 344 0.1875
" 81 2,990 0.375 0,422 0.1875
" 32 1.012 0.203 0.219 0.109
" 42 1.255 0.219 0.219 0.109

Helical Hose

NASH 2 0.768 0,.1875 0.1875 0.09375
n 3 1. 061 0.250 0. 250 0.1094
" 4 1.299 0,250 0. 250 0.125
" 5 1.560 0.3125 0.3125 0.133
" 6 2.081 0. 344 0. 344 0.156
" 7 2.573 0.375 0. 391 0.172
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E.3 PRESSURE LOSS DATA FOR
CURVED SECTION FLEXIBLE HOSE
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E.4 DATA COMPILED ON PRESSURE
LOSSES IN BENDS
Several sources of information on pressure losses resulting
from bends have been collected and reviewed [ 31-45]. As it turns
out,the majority of the data available for bends of circular cross sec-
tion have been compiled by Ito [31]. Also, Ito has developed what
appears to be a valid correlation equation. Figure E-35, taken from Refer-

ence [31] shows Ito's correlation of available data. For this figure

R, = Reynolds number based on pipe diameter
(r/R) = Pipe radius to center line radius ratio
for bend
kt = Total bend loss coefficient, Ap /1/2 p V2
6 = Deflection angle of Bend, radians
3.Y 172
Y = Defined by Y’e' = Re(R/r)

The following observations have been made, based on the infor-
mation contained in References [31-45],

(1) Pressure losses in bends with circular cross-section
can be reliably predicted by Ito's method.

(2) The use of well designed splitter vanes or an impulse
cascade can reduce pressure losses in bends considerably.
For example, Stanitz and Sheldrake [13] report on a 90°
turning impulse cascade with a loss coefficient, using air,
of 0.035. This should be compared with a loss coefficient
of 0.1 or more for a typical 90° bend. Probably of equal
importance is the improvement in downstream velocity
profiles (not as distorted) when splitters or a cascade is

used,
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